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Abstract
Worldwide electricity consumption will nearly double between 2001 and 2025 but the
projects to increase electricity production and transport will not be enough to fulfill the
demand. In the future, most of the power demand will be produced by Distributed
Generation (DG) systems. DG refers to power generating technologies independent
from the electrical grid, located at or near the location where electricity is consumed.
Fuel Cells have become very attractive DG systems in recent years, however, Fuel
Cells are still in their early stages of deployment and the advantages and disadvantages
of such systems for commercial applications are unclear.
A study to learn how Fuel Cells perform in commercial buildings was conducted. To
compare the effectiveness of fuel cells to other prime movers the study looked at
Phosphoric Acid and Molten Carbonate Fuel Cells, microturbines, and lean burning
reciprocating engines.
First, the hotel's natural gas and electricity load data was analyzed to understand the
requirements and adequately size the DG systems. After, the economics and efficiency
of the plant was looked at with and without opportunity for cogeneration. Finally, a
sensibility analysis was conducted to assess the variability of the plant's savings if some
of the assumed parameters changed
PAFC and MCFC, in baseload operation, with and without an absorption chiller are both
very attractive technologies for a DG installation at the hotel if initial capital costs are
reduced. The initial capital investment of fuel cells can and should be reduced, either by
government and/or utility incentives or decreases in costs due to economies of scale.
Thesis Supervisor:
Ernest G. Cravalho
Professor, Department of Mechanical Engineering
3
(This page was intentionally left blank)
4
Acknowledgements
I would like to thank the following people for this thesis was possible thanks to their
unconditional support,
Prof Cravalho for all his help, guidance, and support throughout the project
Prof Brisson for his continuous encouragement and advice
The Cambridge Marriott Hotel, especially Tim Marchand for his support and belief in the
project. Scott Johnson and Jim Armstrong from NStar Gas & Electric for their
knowledge and data support.
Doris for always offering a helping hand and entertaining conversations.
Catelo for his encouragement and fruit that helped me make it through the long hours at
work.
Alicia, Franklin, Fritz, Gunaranjan, Joany, Omar, and Rory with whom I had the honor of
sharing the office, I thank for their ongoing encouragement, endless gossips and
conversations, and happy hours. I wish you all the best in life; you are a truly amazing
group. Special thanks to Joany T for always having something nice to say, for our
collaborations, and girl talks.
Amama Paz & Maria Jescs por las velas a la virgen de Arrate.
Karen por todas aquellas veces que me sacaste de apuro y siempre darme un reality
check. Cindy y Francisco por darme una mega dosis de alegria en la vida.
Papi y Mami por aquel apoyo incondicional durante toda la carrera, por darme siempre
lo mejor y por los consejos que me Ilevan a ser una mejor persona cada dia. Lo que
soy es gracias a ustedes. Los quiero muchisimo.
A Oskar, le doy las gracias por ofrecer su ayuda sin esperar nada a cambio, por su
paciencia y comprensi6n durante los buenos y los malos momentos, y por su amor
incondicional. Ha sido un privilegio compartir y trabajar contigo. Maite Zaitut.
A Dios y la Virgen muchisimas gracias por estar siempre conmigo.
5
(This page was intentionally left blank)
6
Table of Contents
Abstract .......................................................................................................................... 3
Acknow ledgem ents .................................................................................................... 5
List of Figures..............................................................................................................10
List of Tables ............................................................................................................... 12
Nom enclature...............................................................................................................13
1. Introduction..............................................................................................................15
1.1 Distributed Generation Power System ............................................................. 15
1.2 Distributed Generation vs. Traditional Power Systems .................................... 15
1.3 Distributed Generation Competitive Scenarios ................................................. 17
1.3.1 Saturated T & D infrastructure.................................................................... 18
1.3.2 Rem ote and Rural Areas ........................................................................... 18
1.3.3 Custom Power ............................................................................................... 18
1.3.4 Cost of utility power is higher.................................................................... 20
1.4 Cogeneration ................................................................................................... 20
2. Feasibility Study ................................................................................................. 23
2.1 The Determ ining Factors.................................................................................. 23
2 .1 .1 C o s t ............................................................................................................... 2 3
2.1.2 Efficiency .................................................................................................... 25
2.1.3 DG Policies............................................................................................... 26
2.1.4 Fulfillm ent of Environmental Regulation ................................................... 27
3 Distributed Generation Technologies.................................................................. 29
3.1 Fuel Cells.............................................................................................................29
3.1.1 Phosphoric Acid Fuel Cells......................................................................... 31
3.1.2 M olten Carbonate Fuel Cells .................................................................... 32
3.2 M icroturbines ................................................................................................... 33
3.3 Reciprocating Engines .................................................................................... 35
4 Cam bridge M arriott Hotel.................................................................................... 37
4.1 Cost of Natural Gas ........................................................................................ 37
4.2 Natural Gas Equipment.................................................................................... 38
7
4.3 Cost of Electricity ............................................................................................ 39
4.4 Electric Equipm ent.......................................................................................... 41
5 Historic Energy Requirem ents............................................................................ 43
5.1 Natural Gas Load Profile................................................................................. 43
5.2 Electricity Load Profile...................................................................................... 45
5.2.1 Sum mer..................................................................................................... 51
5.2.2 Fall/Spring ..................................................................................................... 52
5.2.3 W inter............................................................................................................54
5.3 Data Modeling......................................................................................................55
6 Modes of Operation .............................................................................................. 61
6.1 Isolated Operation ............................................................................................ 62
6.2 Baseload..............................................................................................................62
6.3 Peak Shaving................................................................................................... 64
6.4 54% of Peak Operation................................................................................... 65
7 Prelim inary Analysis............................................................................................ 67
7.1 Fuel Cost vs. Displaced Electricity Costs........................................................ 68
8 Detailed Analysis................................................................................................. 71
8 .1 R e s u lts ................................................................................................................. 7 4
8.1.1 Phosphoric Acid Fuel Cell........................................................................... 74
8.1.2 Molten Carbonate Fuel Cell...................................................................... 75
8.1.3 Microturbine............................................................................................... 77
8.1.4 Reciprocating Engine ................................................................................. 78
8.2 Payback Years................................................................................................. 78
9 Sensitivit .................................................................................................................. 79
9.1 Capital Cost ..................................................................................................... 79
9.2 Price of Electricity ............................................................................................ 80
9.2.1 Phosphoric Acid Fuel Cell........................................................................... 80
9.2.2 Molten Carbonate Fuel Cell...................................................................... 83
9.2.3 Phosphoric Acid vs. Molten Carbonate Fuel Cells..................................... 86
9.3 Price of Natural Gas........................................................................................ 87
9.3.1 Phosphoric Acid Fuel Cell........................................................................... 87
8
9.3.2 Molten Carbonate Fuel Cell...................................................................... 90
9.3.3 Phosphoric Acid vs. Molten Carbonate Fuel Cells......................................92
9.4 Electricity vs. Natural Gas............................................................................... 93
9.5 Simultaneous Electricity and Natural Gas price changes................................. 93
9.5.1 Simultaneous Increase ............................................................................. 93
9.5.2 Best and W orst Case Scenario.................................................................. 94
9.5.2.1 Phosphoric Acid Fuel Cell....................................................................94
9.5.2.2 Molten Carbonate Fuel Cell ............................................................... 96
10 International Outlook......................................................................................... 99
11 Conclusions and Recommendations..................................................................103
Appendix .................................................................................................................... 105
Appendix A - Detailed Savings Calculations when Exhaust Heat to Boilers ........... 105
Appendix B - Detailed Savings Calculations when Exhaust Heat to Chiller ............ 107
Bibliography and References...................................................................................109
9
List of Figures
Figure 1-1 Comparison of capacity of adding DG vs. centralized systems................ 16
Figure 1-2 UTC fuel cell installation at First National Bank Omaha............................19
Figure 1-3 Natural gas vs. electricity prices .............................................................. 20
Figure 1-4 Comparison of fuel needed for conventional generation and cogeneration..21
Figure 2-1 Capital cost of different DG technologies per kW ..................................... 25
Figure 2-2 Efficiency of different DG technologies.................................................... 26
Figure 3-1 Fuel cell detail ......................................................................................... 30
Figure 3-2 Phosphoric acid fuel cell.......................................................................... 32
Figure 3-3 Molten carbonate fuel cell ....................................................................... 33
Figure 3-4 Recuperated microturbine cycle schematic.............................................. 35
Figure 3-5 Four cycle internal combustion strokes ................................................... 36
Figure 5-1 Natural gas consumption & temperature profile for Jul 2002 - Jun 2003.....44
Figure 5-2 Monthly total electric consumption .......................................................... 46
Figure 5-3 Total monthly electricity consumption during peak and off peak times.........47
Figure 5-4 Monthly electricity peaks and minima...................................................... 48
Figure 5-5 Total electricity used by day of the week................................................. 49
Figure 5-6 Electricity load profile for each day of the week in the summer................49
Figure 5-7 Peak electricity demand for a day. ........................................................... 50
Figure 5-8 Summer average, peak, and minimum load profiles ................................ 51
Figure 5-9 Summer weekday and weekend load profiles .......................................... 52
Figure 5-10 Fall/spring average, peak, and minimum load profiles ........................... 53
Figure 5-11 Fall/spring weekday and weekend load profiles ..................................... 53
Figure 5-12 Winter average, peak, and minimum load profiles.................................. 54
Figure 5-13 Winter weekday and weekend load profiles ............................................... 55
Figure 5-14 Demand interval histograms................................................................... 56
Figure 5-15 Load duration curves............................................................................ 57
Figure 5-16 Capacity load curves .............................................................................. 60
Figure 6-1 Peak and minimum hotel electricity load profile........................................61
Figure 6-2 Electrical baseload operation ................................................................... 63
10
Figure 6-3 Peak shaving electric load........................................................................ 64
Figure 6-4 54% electric load ...................................................................................... 65
Figure 9-1 Payback years for reduced fuel cell capital cost......................................80
Figure 9-2 PAFC savings percent change with change in electricity price ................ 82
Figure 9-3 PAFC savings change with change in electricity price ............................ 82
Figure 9-4 PAFC payback years change with change in electricity price .................. 83
Figure 9-5 MCFC savings percent change with change in electricity price................84
Figure 9-6 MCFC savings change with change in electricity price.............................85
Figure 9-7 MCFC payback years change with change in electricity price..................86
Figure 9-8 PAFC savings percent change with change in natural gas price..............88
Figure 9-9 PAFC savings change with change in natural gas prices........................89
Figure 9-10 PAFC payback years change with change in natural gas price..............89
Figure 9-11 MCFC savings percent change with change in natural gas price...........90
Figure 9-12 MCFC savings change with change in natural gas price........................91
Figure 9-13 MCFC payback years change with change in natural gas price.............91
Figure 9-14 Savings percent change with change in electricity and natural gas prices.94
Figure 9-15 PAFC savings change with change in electricity and natural gas price......95
Figure 9-16 PAFC savings percent change with change in electricity and natural gas
p ric e ........................................................................................................................ 9 6
Figure 9-17 MCFC savings change with change in electricity and natural gas price.....97
Figure 9-18 MCFC savings percent change with change in electricity and natural gas
p ric e ........................................................................................................................ 9 8
11
List of Tables
Table 2-1 California Emission Standards (lb/MW -hr)................................................. 28
Table 3-1 Characteristics of fuel cell types ............................................................... 31
Table 4-1 Price of natural gas from November 2002 until April 2004 ........................ 38
Table 4-2 Average monthly natural gas prices. ......................................................... 38
Table 4-3 Equipment running on natural gas and usage rate .................................... 39
Table 4-4 Breakup of electricity distribution charges ................................................. 40
Table 4-5 Average monthly price of electricity.......................................................... 40
Table 5-1 Historic electricity requirements................................................................. 45
Table 5-2 Summer demand interval data....................................................................56
Table 7-1 Prime mover output power for each operating mode................................. 67
Table 7-2 Table description here ............................................................................... 68
Table 7-3 Peak shaving savings............................................................................... 69
Table 7-4 Baseload savings ..................................................................................... 69
Table 7-5 54% operation savings .............................................................................. 69
Table 7-6 Islanding savings ........................................................................................ 69
Table 7-7 Cogeneration payback years......................................................................70
Table 8-1 Absorption chiller thermal input ................................................................. 73
Table 8-2 Maximum absorption chiller size............................................................... 73
Table 8-3 Annual savings .......................................................................................... 74
Table 8-4 Daily PAFC savings for each season ....................................................... 75
Table 8-5 Daily MCFC savings for each season........................................................ 77
Table 8-6 Daily microturbine savings for each season .............................................. 77
Table 8-7 Daily reciprocating engine savings for each season................................. 78
Table 8-8 Payback years.......................................................................................... 78
Table 9-1 Payback years for fuel cell cost of $1 000/kW ............................................ 79
Table 10-1 Electricity Prices in $/kWh ........................................................................... 99
Table 10-2 Natural Gas Prices in $/therm......................................................................99
Table 10-3 PAFC savings and payback years.............................................................100
Table 10-4 MCFC savings and payback years ............................................................ 100
12
AC
A/C
ARB
ATM
C
0C
CHP
Cl
CO
CO 2
Cogen
COP
CTR
DC
DFC
DG
e
E
Elec
OF
g
G
genset
H2
H20
H20
ICE
kVA
kW
kWh
lb/MW-hr
LDAC
MCFC
MCTUR
MW
n
N Gas
NOx
02
O&M
p
PAFC
Nomenclature
Alternating Current
Air Conditioning
Air Resource Board
Automated Teller Machines
Electricity used by electric chiller displaced by absorption chiller
Degrees Celsius
Combined Heat and Power
Compression Ignition
Carbon Monoxide
Carbon Dioxide
Cogeneration
Coefficient of Performance
Chiller Refrigeration Tons
Direct Current
Direct Fuel Cell
Distributed Generation
Electrons
Price of Electricity
Electricity
Degrees Fahrenheit
Natural gas historically used by the hotel
Price of natural gas
Generator Set
Hydrogen Protons
Hydrogen
Water
Internal Combustion Engine
Kilovolt Ampere
Kilowatts
Kilowatt hour
hourly load demand of the hotel
Pound per Megawatt hour
Local Distribution Adjustment Charge
Molten Carbonate Fuel Cell
Microturbine
Megawatts
Non-displaceable fuel
Natural Gas
Nitrogen Oxides
Oxygen
Operation and Maintenance
Electricity provided by the prime mover
Phosphoric Acid Fuel Cell
13
PEMFC Proton Exchange Membrane Fuel Cell
PM Particulate Matter
ppmv Parts per million by volume
q prime mover fuel
r natural gas purchased in addition to prime mover fuel
RECIP Reciprocating Engine
SCR Selective Catalytic Reduction
SI Spark Ignition
SOFC Solid Oxide Fuel Cell
SOx Sulfur Oxides
sq. ft. Square feet
thm Therm
T&D Transmission and Distribution
UTC United Technologies Corporation
VOC Volatile Organic Compounds
WADE World Alliance for Decentralized Energy
x Prime mover exhaust per hour
71 Efficiency
IiB Boiler efficiency
$/kW US Dollars per kilowatt
14
1. Introduction
1.1 Distributed Generation Power System
Distributed Generation power systems are small, modular, energy generating
technologies located at or near the site of consumption. These systems range from a
few kilowatts (kW) up to 50 megawatts (MW) output power. DG systems can be either
connected to the electricity grid or stand-alone. These systems are currently being
used for backup power, base load power, peak shaving, power for remote applications,
and in cases where high power quality and reliability is required. DG systems are
usually owned by the end user but they can also be owned and operated by third
parties.
1.2 Distributed Generation vs. Traditional Power Systems
Most of the electric power consumed worldwide today is produced by big, centralized
power plants, most of which run on fossil fuels. These power plants produce between
150 and 800 MW, which makes them relatively large compared to DG systems thus
lowering the cost of producing electricity. However, electricity produced at centralized
plants has to travel through the transmission and distribution (T&D) infrastructure to the
end user where power losses occur. The World Alliance for Decentralized Energy
(WADE) estimates global transmission losses to be 9.6% of net electricity generation.'
Currently the US is experiencing a "power crunch" due to a greater demand for
electricity and congestion in existing T&D lines. The electric power in the US is
expected to increase 25% but plans to increase transmission capacity are only of 4%.
The growth and upgrading of T&D lines is not very likely to occur due to the high cost of
building more miles of lines. In the US, the estimated cost of new T&D lines has been
estimated to be $1,250 / kW. 1
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DG systems offer a solution to the "power crunch". These systems can be built faster
than central power plants and do not require an upgrade to the current T&D lines.
Centralized plants are available in large increments and have long periods of lead time,
which translate into additional costs. On the other hand, DG is available in smaller
increments with shorter lead times. Figure 1-1 below illustrates the comparison
between meeting electricity demand with centralized plants or with DG. The light gray
areas represent the lead times and cost of the additional centralized plants. The white
areas represent the idle capacity of the large sources, when there is over capacity.
MW
Capacity
Lead time and cost of large resource
Idle capacity of large resource
Overbuilt Capacity
"" ..-... ....... Electricity load
- - DG sources capacity
- Centralized sources capacity
Time Mi
Figure 1-1 Comparison of capacity of adding DG vs. centralized systems
The decentralized and distributed nature of DG also offers increased energy security for
a country. When the electric supply system is made up of a small number of centralized
plants, they are more vulnerable for disruption. A large number of small plants
guarantee the supply of electricity, being less prone to extreme weather conditions or
even terrorist attacks.
End users might have different power needs that cannot be met by a centralized plant;
here DG offers an advantage. The wide selection of DG technologies allows the end
16
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user to select the best power equipment for each individual need. There are different
reasons why end users would like to switch to DG, such as energy savings, heat
recovery systems for customized applications, or energy reliability. As an example, DG
offers more reliable power than the grid, where some systems have been designed to
have six 9's of reliability (99.9999%).
DG offers increased power generating efficiencies when used with cogeneration.
Cogeneration or combined heat and power (CHP) is the generation of heat and power
simultaneously. These systems can also provide premium quality power for delicate
applications and power to remote areas where the electric grid is not an option. Some
DG technologies provide lower emissions than centralized power plants and can help
meet the requirements for reduced CO 2 and greenhouse gas emissions. Furthermore,
renewables produce no emissions at all. DG can also help the environment when
alternative fuels like biomass, landfill gas, and biofuels like ethanol and biodiesel are
used. These fuels help reduce emissions and dependence on fossil fuels.
Even though DG offers great possibilities it is not perfect and has its disadvantages
when compared to the electrical grid. DG systems have to be owned and operated by
the consumer, which means taking responsibility for its own operation and maintenance
(O&M). However, there is a possibility that the DG system be operated by a third party,
which takes care of the hassle of O&M in the plant. For non-renewable DG systems,
fuel must be provided to the unit, usually at a high price.
1.3 Distributed Generation Competitive Scenarios
Even though economies of scale favor centralized plants, DG technologies have an
advantage in several situations. DG technologies are favored when the total cost of
generating and transmitting the electricity to the end user is more expensive than
generating it on site. These technologies are also favored when the end user needs
either high reliability or high quality electricity that cannot be obtained from the grid.
17
1.3.1 Saturated T & D infrastructure
More and more electricity is being shipped through transmission lines that were
designed for a limited amount of power. When transmission lines are fully developed in
an area and are loaded to full capacity, improvements to the T&D infrastructure are very
costly and timely. This is the case in some parts of the northeast and west coasts of the
US. DG offers a solution to the problem by adding power capacity to the grid in modular
increments. These small increments are less expensive and deployed quicker than the
alternative. As electric demand continues to grow, DG systems can be added as
necessary.
1.3.2 Remote and Rural Areas
DG is often the choice in power generation in remote and rural areas, where the
electrical grid does not reach or is too weak and performs below standards. The cost
advantage of DG is through the savings made with avoiding the construction of new
T&D systems. In cases where fuel delivery will be a problem, renewable alternatives
are even more justifiable like in lighthouses and offshore bases. DG would also be
installed in national parks where T&D lines would interfere with wildlife and the
ecosystem. In the Amazonian part of Brazil for example, where electric utilities do not
have incentives or economic drivers to invest in new T&D lines, DG in forms of
containerized power sets would be a feasible solution. Projects in these isolated
developing regions have already been implemented where the fuel for the power set is
brought through the Amazon River to the remote villages that are along the river.
1.3.3 Custom Power
Certain types of consumers need reliable power and/or quality power. Alternating
current (AC) power is a sinusoidal wave; the voltage oscillates over time. Quality power
refers to a nice clean sine wave and power reliability refers to the availability of this sine
wave.
18
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The current electrical grid does not deliver quality power all the time. Common
disruptions include spikes, surges, sags, impulses, brown outs, frequency changes, and
harmonic distortions to the sine wave among others. Companies, such as computer
chip manufacturers, need quality and reliable power as well as firms that rely on data
storage, retrieval, and processing.
The US electrical grid offers one of the best power services in the world, 99.9% reliable.
Even though the percentage looks good, it means nine hours of power outage per year
or 32,400 one-second outages. This is not sufficient for First National of Nebraska, the
largest in house merchant processor in the US. It has 6.6 million customers who do an
average of 1 million credit card, 1.296 million banking, and 43,500 ATM transactions a
day. The downtime losses for the holding have been estimated at $6,000,000 per hour.
Reliability and quality power is vital for First National of Nebraska and the reason they
decided to install a $3.4 million 800 kW fuel cell system. Figure 1-2 is a photograph of
the fuel cell installation at the bank. 3
Figure 1-2 UTC fuel cell installation at First National Bank Omaha
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1.3.4 Cost of utility power is higher
In some places where the cost of fuel is low and the T&D costs are high, the power
delivered by a DG system will be lower than electricity from the grid. Medium and large
industrial and commercial users in the northeast region of the US find this option
particularly attractive. Figure 1-3 shows average commercial electricity and natural gas
prices for each state. DG is most competitive in states where the price of electricity is
high compared to that of natural gas like in Alaska. New York, California, and Vermont
are states where DG is also very competitive.
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Figure 1-3 Natural gas vs. electricity prices
1.4 Cogeneration
Cogeneration or combined heat and power (CHP) refer to the simultaneous generation
of electricity and usable thermal energy (heat) in a single process close to the point of
use. Cogeneration takes advantage of the excess heat generated as a by-product of the
20
electric generation process that normally would be wasted to environment, therefore
increasing the efficiency of the energy plant.
The overall energy efficiency of cogeneration plants can be in the range of 70-90%,
compared with 35-50% for the conventional electric generation. Moreover, in some
processes, recovered low-grade heat is used to produce chilled water with the use of an
absorption machine. This production of heat, power and cooling is sometimes referred
to in industry as trigeneration.
Figure 1-4 below compares the fuel needed to produce 35 units of electricity and 50
units of heat. Conventional generation needs electricity from the grid and a separate
boiler to generate what a cogeneration plant would do alone. The grid and boiler need
189 units of fuel while the cogeneration plant needs only 100 units. The losses of the
grid and boiler add up to 104 units while those from the cogeneration plant are only 15.
The losses represent inefficiencies in the system.4
Combined Heat and
Power Generation
Power
Station
Fuel (130)
Boiler
Fuel (59)
35
50
CHP
Fuel
Figure 1-4 Comparison of fuel needed for conventional generation and cogeneration
There is a strong interest from governments, in a number of countries, to adopt DG
along with cogeneration instead of centralized plants. Good quality cogeneration plants
achieve a reduction between 30-50% in C02 emission compared to coal fired power
21
stations and over 10% compared to gas fired stations. Due to its lower CO 2 emissions,
cogeneration can help countries achieve the emissions caps set by the Kyoto Protocol.
Typical applications for cogeneration are refineries, pharmaceutical plants, paper mills,
chemical industrial plants, and hotels among others. For example, Royal Uvero Alto
Hotel & Spa located in an isolated tropical beach of the Caribbean Sea on the
Dominican Republic uses cogeneration to meet its high demand for hot sanitary water,
A/C cooling, and electricity.2
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2. Feasibility Study
Fuel cells are promoted as being one of the best DG technologies given their high
efficiency and the low maintenance required. However this technology is still in its early
stages of deployment and true advantages and savings are still unclear. This study
analyses the possibility of installing fuel cells in a commercial setting such as the
Cambridge Marriott Hotel.
2.1 The Determining Factors
When choosing DG over the grid, or deciding on which DG technology to use,
investment cost per kilowatt-hour is an important factor. Determining the cost of a DG
system is complex, and four determining factors should be taken into account in the
cost analysis to get the best return on the investment. The criteria to be evaluated are
costs, efficiency, public policy, and environmental issues. These criteria will give a
better idea for choosing the technology that best fits the required application.
Availability of the technology and of fuel resources are also important points when
choosing between DG system technologies or the grid.
2.1.1 Cost
The cost of the DG system depends on the capital or equipment cost, the cost of
installation, operating and maintenance costs, and the cost of the fuel.
Capital cost is the cost of the DG system equipment itself. The cost of the equipment
varies among technologies and even within the same technology group depending on
size and power output. These costs are usually quoted in cost of equipment per power
produced ($/kW). The capital costs of new DG technologies is higher than the capital
23
cost of a centralized power plant, but as production and value of commercialization of
these technologies increases, the price is expected to decrease (economies of scale).
Installation costs represent the price paid to install the equipment on site. This may
include labor, rental of installation equipment, fixtures like ducts and piping to system,
and new infrastructure such as buildings. This cost will vary depending on the
technology and the site, but is usually estimated at around 30% of the capital costs.
Operating and maintenance (O&M) costs refer to the daily cost of keeping the
equipment running. These costs include labor costs, preventive and corrective
maintenance performed on the equipment. The maintenance cost depends on the
operating cycle of the equipment. Consumables along with replacement and repair
components are included in these costs.
Fuel costs vary depending on the site and will continue to fluctuate over time. The cost
of fuel for DG systems is usually higher than that for centralized plants since the central
plants buy fuel in bulk. The fuel cost also includes the cost of transporting the fuel to
the DG site.
Figure 2-1 compares the capital cost of the different DG technologies. The points
represent the average cost and the lines represent the cost range. Photovoltaic cells
have the highest capital cost followed by fuel cells but these costs are expected to
decrease in the future. The least expensive technology is the widely available
reciprocating engine.5
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Figure 2-1 Capital cost of different DG technologies per kW
2.1.2 Efficiency
Efficiency refers to the amount of fuel needed to produce a kilowatt of electricity.
Centralized power plants are usually more efficient than DG technologies. However,
the efficiency of DG systems can greatly increase if taking advantage of combined heat
and power capabilities. Efficiency should be considered when determining fuel costs.
The efficiency equation is
n = energy output (electrical) / energy input (fuel)
for regular generation. Cogeneration efficiency included thermal energy output in the
numerator
T = energy output (electrical + thermal) / energy input (fuel)
25
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Figure 2-2 shows the efficiency ranges for the various DG technologies. The points
represent the average efficiency and the lines represent the efficiency range. Fuel cells
are the most efficient technology closely followed by reciprocating engines,
microturbines, and wind towers. Photovoltaic cells are the least efficient technology.5
6 0 r - - - - - - - - - - - - - ~^ - - ~ - ~ ~ ~ ~ ~ ~ ~ - -
Microturbines Reciprocating
Engines
Fuel Cells Photovoltaic
Technologies
Figure 2-2 Efficiency of different DG technologies
2.1.3 DG Policies
Policies for DG systems are still being written today by regulatory organizations that
have been reviewing policies originally written for centralized power plants and adapting
them to new DG technologies. The state of deregulation and pertinent policies vary
among states. Some of the topics being addressed include DG interconnection rules,
system planning, valuation and net metering.
Grid-connected systems allow the end user to get power from the grid in case the DG
system fails or is turned off for maintenance. Some states allow DG system owners to
sell electricity produced in excess back to the electric utilities also called net metering.
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This is particularly useful for renewable technologies, like solar for example, which
produces excess power during the day but require grid power during the night. The
equipment necessary for net metering is expensive and usually not attractive to the DG
system owner. Currently in Massachusetts, net metering is limited only to facilities with
a generating capacity of 60 kW or less.6
Interconnection policy is a key issue when considering a DG technology. Standards for
interconnection do not currently exist in the US and the lack of them is considered a
barrier for the acceptance and deployment of DG technologies. New and updated
regulations are currently being developed to address the safety, power quality, and
metering issues that should be addressed when connecting DG systems to the grid.
For example, power providers want to make sure that DG power matches the voltage
and frequency of the electricity in the grid for quality issues.
2.1.4 Fulfillment of Environmental Regulation
This last determining factor represents the cost of observing the mandated emission
regulations. For example, the cost of operating a gasoline engine in Los Angeles, CA
would be much higher than operating a photovoltaic system due to the rigid air
regulations in that area. Regulation varies from state to state, but usually refers to
systems that emit air pollutants such as nitrogen oxides (NOx), carbon monoxide (CO),
sulfur oxides (SOx), particulate matter, and toxics.
In California, electrical generation equipment exempt from district permits needs to be
certified by the Air Resource Board (ARB) before being sold. The DG certification
regulation came into effect Oct 4, 2002. It specifies emission standards and other
requirements that must be met by electrical generating systems to be certified. The
2003 and 2007 emission standards are found in Table 2-1 below.7
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Table 2-1 California Emission Standards (lb/MW-hr)
So far, the C60 Microturbine by Capstone Turbine Corporation has been certified for the
2003 standards and the 200 kW phosphoric acid fuel cell by United Technologies has
been certified until 2007.
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3 Distributed Generation Technologies
DG technologies include fuel cells along with reciprocating engines, combustion
turbines, microturbines, wind and photovoltaic systems. In addition there are four types
of fuel cell technologies being used and developed for commercial DG applications.
These include phosphoric acid (PAFC), solid oxide (SOFC), molten carbonate (MCFC),
and proton exchange membrane (PEMFC) fuel cells.
For the hotel feasibility study, PAFC and MCFC where chosen given their size range
and readiness in the stage of development. SOFC were not introduced in the analysis
since at the time there were no prime movers commercially available with a rated output
power of 600 kW or less. PEMFC were not introduced in the analysis since the
equipment available had a rated output power of 5 kW or less, which is too small for the
hotel's need.
These fuel cell technologies will be compared to the also emerging microturbines and
the well-established reciprocating engine. All of the prime movers run on natural gas,
which is available at the site and can better compare and show the equipment's fuel
efficiency and sensibility to fuel prices.
3.1 Fuel Cells
Fuel cell technology has been around for years, but it has only recently been used for
commercial DG applications. In the 1960's it was used to power the Gemini and Apollo
spacecraft. In recent years, investment to develop and commercialize fuel cells has
increased. The technology shows promise, but it is still in the early stages of
deployment.
A fuel cell is an electrochemical device that combines oxygen from the air and hydrogen
fuel to produce electricity, water, and heat. It operates without combustion and has no
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moving parts. A typical fuel cell is made up of an electrolyte membrane in the center of
an anode and cathode.
Figure 3-1 below shows how a fuel cell works. Hydrogen fuel separates into protons
and electrons at the anode. Protons pass through the electrolyte while electrons pass
through an external electric circuit forming a current. The proton and electron join with
oxygen from air to produce water and heat at the cathode side.
From Air
Electric Circuit 02
Se e e e 02
02
Fuel C H cathode
Electrolyte
0
Anode H A
H20 Exhaust
Figure 3-1 Fuel cell detail
Fuel cell systems usually include a reformer to change natural gas to hydrogen, the
stack where electricity is generated, and the power converter to change AC to DC
power. Unlike PAFC and PEMFC, MCFC and SOFC do not require a separate reformer
since the reforming is done inside the cell stack. These technologies are at different
stages in their development. Table 3-1 shows the size range, fuel, and efficiency of the
various fuel cell technologies. The strengths of fuel cells are their negligible emissions,
relatively high efficiency, very low noise, and high reliability but it comes at a very high
price.
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PEMFC PAFC MCFC SOFC
Electrolyte Polymer Phosphoric Acid Molten Carbonate CeramicSalt
Size Range 3 - 250 kW 100 - 200 kW 250 kW - 10 MW 1kW - 10MW
Temperature 75 C (180 F) 210 C (400 F) 650 C (1200 F) 1000 C (1800 F)
e hydrogen or Natural gas, landfill Natural gas,
Fuel methanol ( natural gsdietra, Ntulgs, hydrogen, landfillgas requires a gas, digester gas, hydrogen gas, fuel oil
reformer) propane
Efficiency 30-40% 36-42% 45-55% 46-50%
Table 3-1 Characteristics of fuel cell types
3.1.1 Phosphoric Acid Fuel Cells
The PAFC is the only fuel cell commercially available today. The most common one is
the PC25 manufactured by United Technologies. This system is fueled by natural gas
at a rate of 19.13 therms/hr, produces 200 kW of electricity, and provides 9 therms/hr of
usable heat at 1400F. The PC25 has a rated electrical efficiency 40%. The emissions
of the system are very low, less than 2 ppmv of CO, less than 1 ppmv of NOx, and
negligible SOx. The cost of the PC25 is around $4250/kW and $4500/kW for the
installed unit, but the cost can be as low as $3875/kW for multiple installations.8 The
strengths of PAFC are its negligible emissions, relatively high efficiency, very low noise,
and high reliability but at a very high price. Figure 3-2 is a photograph of the UTC PC25
unit.
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Figure 3-2 Phosphoric acid fuel cell
3.1.2 Molten Carbonate Fuel Cells
Molten carbonate fuel cells are in their early stages of deployment and
commercialization. The unit used in the analysis is the Direct Fuel Cell (DFC) 300A
manufactured by Fuel Cell Energy. The system is rated at 250 kW, uses natural gas at
17.91 therms/hr and provides 3 therms/hr of exhaust heat at 6500F. The DFC 300A has
a rated electrical efficiency of 47% and meets the CARB 07 Ultra-Clean Emissions
Standards. The system emits 0.3 ppmv of NOx, 0.01 ppmv of SOx, and 10 ppmv of CO
and NMOC. The price of the DFC 300A is $4000/kW. 9
The DFC 300A needs filter changes twice a year. Every five years the stack and the
deoxidizer need to be replaced. It is important to note that the cost of the stack is 30%
of the cost of the complete system. Every seven years the converter and catalyst need
to be replaced. Figure 3-3 is a photograph of the DFC 300A system.
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Figure 3-3 Molten carbonate fuel cell
3.2 Microturbines
A microturbine is a compact combustion turbine generator that generates electrical and
thermal power ranging between 25 and 500 kW. Like a jet engine, the microturbine
mixes fuel and air to undergo combustion, which turns a permanent magnet generator.
The process is very clean, efficient, and reliable with very little NOx emissions.
Microturbines are able to run on a variety of gaseous and liquid fuels like natural gas,
hydrogen, propane, and diesel.
Microturbines are classified into two groups, recuperated and unrecuperated or simple
cycle. Recuperated microturbines reuse waste heat from the exhaust to boost
combustion and increase efficiency; further exhaust heat recovery can be used in
cogeneration. Air heated using the exhaust heat needs less fuel to reach the turbine
inlet temperature. Unrecuperated microturbines operate at a lower efficiency but have a
lower capital cost. The efficiency of a recuperated microturbine is between 20 and 30%
while that of an unrecuperated one is at 15%.
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Microturbines use air bearings and air-cooling so there are no liquids or oils to be
changed. They also have very few moving parts, allowing for greater maintenance
intervals of 5000 to 8000 hours. Operating and maintenance costs are estimated based
on comparable reciprocating engines since there are few real-life data. These costs are
estimated at $0.005 to $0.016 per kWh.
The strengths of microturbines are low maintenance, flexible fuels, compact size,
lightweight, good efficiency with cogeneration, and low emissions. The weaknesses are
low fuel to electricity efficiency and its loss of power output at higher temperature and
elevations.
The microturbine used in the analysis is the C60 recuperator model manufactured by
Capstone Microturbines. It produces 60 kW of electricity at maximum output, runs on
natural gas at a rate of 8.04 therms/hr and electrical efficiency of 28%. The exhaust
temperature is 305C and the total exhaust energy 5.41 therms/hr. The system's
emissions are low at less than 9 ppmv of NOx, 9ppmv of hydrocarbons, and 40 ppmv of
CO at 15% 02.10
The price of microturbines is $920 per kW and the recovery equipment comes at an
extra cost. The system's only moving part is the rotating shaft requiring very little
maintenance. However, it does need a clean fresh supply of air since it runs on air
bearings. The air filter, at a cost of $100, needs to be replaced once a year, the
recuperator and generator need to be replaced after 40,000 hours and these both
account for 30% of the initial capital cost. Figure 3-4 shows a schematic of a
recuperated microturbine.
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Figure 3-4 Recuperated microturbine cycle schematic
3.3 Reciprocating Engines
Reciprocating internal combustion (ICE) engines are the most commonly used and
mature of DG technologies. They are widely available and produced economically in
large quantities. The engines convert the fuel energy into mechanical power, which is
used to turn a shaft that in turn runs a generator. Their size ranges from 5 kW up to 7
MW generators.
Reciprocating engines run on readily available fuels like gasoline, diesel, natural gas,
landfill gas, and digester gas among others. There are two methods to ignite the fuel in
the engine, spark ignition (SI) or compression ignition (Cl). SI works better with fast-
burning fuels like gasoline and natural gas, while Cl works better with slow-burning fuels
like diesel. Reciprocating engines can also be classified into high, medium, or low
speed engines.
The current efficiency of a reciprocating engine varies between 25 to 55%. Diesel
engines are more efficient than natural gas engines since they run at higher
compression ratios.
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Emissions from internal combustion engines vary with size and capacity, but they are
the highest among the DG technologies. For natural gas ICE, NOx emissions are
between 45 and 200 ppmv and 4 to 20 ppmv with Selective Catalytic Reduction (SCR)
respectively. Uncontrolled carbon monoxide (CO) emissions for natural gas engines
are between 140-700 ppmv and with oxidation catalyst between 10-70 ppmv.
The strengths of the reciprocating engine are its low capital cost, good electric
efficiencies, fuel flexibility, and high reliability. The weaknesses are its high atmospheric
emissions, noisiness, and frequent maintenance intervals.
The reciprocating engine chosen for the analysis is the 334GFBA lean burning model
manufactured by Cummins. This unit has a rated output of 334 kW and runs on natural
gas at a rate of 33.2 therms/hr. The system exhausts heat at 3350F with an energy
value of 8.6 therms/hr."
The price of the genset is $330 per kW output. It comes with the muffler and a gas train
to connect the genset to the natural gas pipe. A required costs $16,000 and the heat
recovery system is an extra $27,000. Another heat recovery option is to reuse the heat
from one of the water-cooling loops for an extra $4500. Regular oil and filter changes
are also required after every 700-1000 hours of operation. Figure 3-5 shows the four
strokes of an internal combustion engine.
0
Intake Compression Power Exhaust
Figure 3-5 Four cycle internal combustion strokes
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4 Cambridge Marriott Hotel
The Cambridge Marriott Hotel is a 26-story building with 431 guest rooms and 11
meeting rooms that cover 12,000 sq. ft. of meeting space. It has two onsite
restaurants, a coffee shop, and a cocktail lounge. The hotel's amenities include an
indoor pool, a whirlpool, sauna, and a health club. Laundry is done in house and
includes machines that wash, dry, iron, and fold. Average hotel occupancy for the last
year has been 76% while that for previous years has been as high as 86%. Information
about the hotel's current energy systems was obtained during two site visits.
Natural gas data is recorded for a month of usage by the local utility. Given that natural
gas consumption data is available in monthly intervals it was necessary to make
estimates of the destination of the natural gas purchased. Scott Johnson, Account
Executive of NStar Gas for the Marriott Hotel, provided gas usage estimates for the
equipment and seasonal usage.
4.1 Cost of Natural Gas
The hotel currently purchases natural gas distribution service from NStar Gas and the
natural gas from an outside provider. The price of natural gas and distribution rate is
highly dependent on the season. The price of natural gas is much higher during winter
and spring and lower during the summer. The hotel uses more than 100,000 therms a
year, qualifying under NStar's G43 rate.
The distribution service cost includes a base customer charge of $100 per month, a
distribution charge of $0.2158/therm during peak months (November to April) and
$0.0828/therm during off peak months (May-October). In addition, there is a local
distribution adjustment charge of $0.0010/therm and an energy conservation service
charge of $0.1 1/month to cover the cost of energy efficiency programs. In addition to
the cost of distribution there is the cost of the natural gas. Table 4-1 below shows the
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price of the natural gas from November 2002 to April 2004. Table 4-2 shows average
monthly natural gas prices. The average natural gas price for the hotel was calculated
by averaging the monthly cost of natural gas. The hotel's average price of natural gas
and distribution costs from July 2002 to June 2003 is $0.966/therm.
Table 4-1 Price of natural gas from November 2002 until April 2004
Period Price of N Gas
Nov - Dec 2002 $0.6139/Therm
Jan - Feb 2003 $0.7070/Therm
Mar - Apr 2003 $0.8936/Therm
May - Oct 2003 $0.8180/Therm
Nov - Dec 2003 $0.8121/Therm
Jan - Apr 2004 $0.8925/Therm
Table 4-2 Average monthly natural gas prices.
Jul
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
7563
7799
9415
21820
23725
38369
44522
40351
33423
26764
18531
15266
6187
6380
7701
17849
16916
27357
35606
32271
29848
23902
15158
12488
626
646
780
1807
5120
8280
9608
8708
7213
5776
1534
1264
8
8
9
22
24
38
45
40
33
27
19
15
100
100
100
100
100
100
100
100
100
100
100
100
6920
7133
8590
19777
22160
35775
45359
41119
37195
29804
16811
13867
Average
0.915
0.915
0.912
0.906
0.934
0.932
1.019
1.019
1.113
1.114
0.907
0.908
0.966
4.2 Natural Gas Equipment
Natural gas fuel serves several purposes in the hotel. It is used to run laundry dryers,
cooking, and space and water heaters. The laundry dryers and cooking equipment are
used all year while the space and water heaters are mostly used during the winter
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season. During the winter months, both space-heating burners are turned on and
during the summer, one of the burners is left on at low fire. During the winter most of the
natural gas is used for seasonal heating. Table 4-3 below is a break down of the
equipment fueled by natural gas and their estimated natural gas input.
Table 4-3 Equipment running on natural gas and usage rate
Equipment Quantity Therms/hr each
Space heating burners 2 55
Sanitary hot water boilers 3 15
Laundry dryers 3 2
Kitchen estimate 15 to 20
4.3 Cost of Electricity
The hotel purchases its electricity from an outside provider and NStar Electric is
responsible for its distribution. Like natural gas, electricity price is highly dependent on
the season, higher during the summer and lower during the winter. Peak hours are
from 9 am to 6pm weekdays during June through September and 4 pm to 9 pm
weekdays during October through May. Off peak hours are all other hours including
weekends and holidays. Off peak hours are divided in two: low load A and low load B.
Low load A is from 7 am to 9am and 6pm to 10pm from June through September and
7am to 4 pm and then 9pm to 10 pm from October through May. Low load B is from
10pm to 7am weekdays and all hours on Saturday and Sunday.
The hotel is a large general time of use customer and the distribution service charges
include a basic customer charge, distribution demand, transition energy and demand,
transmission demand, renewable energy, and energy conservation charges. Table 4-4
outlines the price of the different electricity charges. In addition to the distribution
charge there is the price of electricity. The hotel's average price for electricity and
distribution is $0.083 / kW. The average price was calculated by averaging monthly
electricity prices.
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Table 4-4 Breakup of electricity distribution charges
(A) Customer Charge
(B) Distribution Demand
First 100 kVA
Over 100 kVA
(C) Transition Demand
(D) Transmission Demand
First 100 kVA
Over 100 kVA
(E) Transition Energy
Peak
Low Load A
Low Load B
(F) Renewable Energy
(G) Energy Conservation
(H) Standard Offer Service
$90 / month
no charge
$1.47 / kVA
$1.56 / kVA
$4.64 / kVA
$3.94 / kVA
$0.003890 / kWh
$0.003890 / kWh
$0.003890 / kWh
$0.00050 / kWh
$0.00250 / kWh
1 $0.06323 /kWh
To get the total cost of electricity it is necessary to add the cost of the electricity itself.
The hotel has standard offer service for a fixed rate of $0.06323 / kWh. The value of
kVA for the demand calculations is the highest 15-minute kVA demand during the Peak
Load period. Table 4-5 shows calculations for average monthly price of electricity.
Table 4-5 Average monthly price of electricity
Jul
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
1,442
1,446
1,360
1,346
1,184
1,157
1,224
1,221
1,262
1,200
1,274
1,448
63U t / /
819292
773869
700215
612570
629893
679032
630065
662682
658699
705273
746945
90
90
90
90
90
90
90
90
90
90
90
90
53099
51804
48932
44275
38733
39828
42935
39839
41901
41650
44594
47229
1973
1978
1852
1831
1593
1554
1652
1648
1708
1617
1726
1981
2250
2255
2122
2099
1847
1805
1909
1904
1968
1872
1988
2259
5752
5766
5429
5372
4734
4629
4891
4880
5041
4799
5091
5775
3267
3187
3010
2724
2383
2450
2641
2451
2578
2562
2744
2906
2519
2458
2322
2101
1838
1890
2037
1890
1988
1976
2116
2241
68950
67539
63756
58491
51217
52246
56155
52702
55275
54567
58349
62481
0.0821
0.0824
0.0824
0.0835
0.0836
0.0829
0.0827
0.0836
0.0834
0.0828
0.0827
0.0836
Average 0.0830
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4.4 Electric Equipment
Electricity at the hotel is used to run equipment with different purposes such as air
conditioning equipment, cooking, food preserving, and laundry. Most of the electric
equipment is used constantly year round except for space cooling chillers used mostly
during the summer months.
The hotel has two McQuay chillers of 350 refrigeration tons each. These chillers are 17
years old and use Freon 12 as the refrigerant. An Energy Management Program
switches the chillers to full load during hot days and switches them back to low load at
night. In addition to the chillers, a total of 21 air handlers run mixing outside and
recirculated air into the air conditioning system. Two pumps and ten motors are also
run electrically along with 4 guest and 3 service elevators.
The kitchen has several electrical equipment used year round such as a walk in freezer,
a pizza oven, two dishwashers, three ice machines, eleven refrigerators, and two cool
rooms for storing food. Most of the laundry equipment is also run electrically like the
ironing machine, a folder, and three washers.
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5 Historic Energy Requirements
Determining the hotel's electricity and thermal requirement is an important factor in the
design process of the energy system. Sizing the system to produce too little or too
much power will result in economic losses. Analyzing the hotel's current electric and
thermal load will help determine the adequate size of prime movers, the amount of
electricity currently bought that can be displaced, and the amount of fuel that can be
displaced once recovered heat is used.
The Marriott Hotel currently buys electricity and natural gas from the local distributor,
NStar Gas and Electric. Electricity and gas load profiles were obtained from NStar.
5.1 Natural Gas Load Profile
The natural gas load data available is recorded per month of use and covers a year
from July 2002 to June 2003. Figure 5-1 shows actual natural gas usage, in therms, for
a complete year. The average outside temperature for the corresponding month was
also recorded and plotted on the same chart. As can be seen, natural gas consumption
is inversely proportional to outside temperature.
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Figure 5-1 Natural gas consumption & temperature profile for Jul 2002 - Jun 2003
Since detailed data is not available for natural gas usage it was necessary to make
certain assumptions about the usage profile of natural gas. Hourly consumption of
natural gas varies greatly during the seasons. For July, hourly consumption is 10
therms/hr, for January it is 60 therms/hr, and during April 38 therms/hr. The extra
therms/hr of natural gas used during the winter and intermediate months are mostly
used for space and water heating which makes them apt to be replaced with exhaust
heat.
The least natural gas is consumed during the summer months. Of the natural gas used
in the summer 50% is used for hot water, 10% for the low fire burner, and 40% for
kitchen appliances. July usage is 7563 therms and 40% of this (3025 therms)
represents the therms of natural gas that cannot be replaced by exhaust power.
Displaceable fuel, shown in gray in Figure 5-1 above, accounts for the majority of fuel
used in the hotel opening the opportunity for cogeneration.
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5.2 Electricity Load Profile
The electricity load data available were recorded by NStar Electric every hour and
spans a complete year from July 2002 to June 2003. The electricity data were analyzed
at different levels, which reveal unique information about the hotel's electricity needs.
The analysis is done from general point of view to a more detailed one. First, data for
an entire year were analyzed, then for a typical week during summer, fall/spring, and
winter, and finally hourly data for a day in each season. Hourly data throughout a two-
week period were averaged to attain a typical week in each season. Table 5-1 shows
the historic electricity requirements of the hotel for a year.
Table 5-1 Historic electricity requirements
Jul
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
31
31
30
31
30
31
31
28
31
30
31
30
1442
1446
1360
1346
1184
1157
1224
1221
1262
1200
1274
1448
291364
276436
247537
116121
99614
103320
111367
96933
102858
106979
111382
246311
165421
156973
144550
265104
221524
228178
254997
226076
236544
248926
256870
137657
382994
416067
381781
318991
308454
312649
312668
307056
339579
302794
337020
362978
839779
849476
773869
700215
629592
644148
679032
630065
678981
658699
705273
746945
68950
67539
63756
58491
51217
52246
56155
52702
55275
54567
58349
62481
0.082
0.080
0.082
0.084
0.081
0.081
0.083
0.084
0.081
0.083
0.083
0.084
Figure 5-2 shows total energy consumed in a
for the month. Figure 5-3 shows total energy
year with the average outside temperature
used broken up into Peak, Low Load A,
and Low Load B. Peak electricity consumption occurs in July, the hottest month of the
year, given that the air conditioning chillers are running almost all the time. Energy
consumed is proportional to the average outside temperature. Energy consumption and
average temperature mimic themselves from May through October, peak electricity
consumption periods. From November through April the electricity curve flattens out,
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slightly peaking during the holiday season and January, the darkest month of the year.
From November through April electricity consumption varies slightly between 600,000
and 650,000 kWh, which is used mostly for lighting and electric appliances.
Off peak usage stays fairly consistent throughout the year, between 500,000 and
600,000 kWh. Peak usage however is largest during the summer at 300,000 kWh and
smallest during the winter months at about 100,000 kWh.
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Figure 5-2 Monthly total electric consumption
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Figure 5-3 Total monthly electricity consumption during peak and off peak times
When sizing an energy plant it is important to look at peak demand because it reveals
the maximum electricity used at any given point in time. Peak demand is particularly
important when sizing an energy plant for Islanding; not connected to the grid. Monthly
peak and minimum electricity demand is shown in Figure 5-4. Peak demand surpasses
1400 kW and occurs during the summer months from June through August. The lowest
peak demand occurs in December at almost 1200 kW. Minimum electricity demand is
important when sizing a plant for baseload operation since it uncovers the minimum
electricity demand at any given time. Minimum monthly electricity demand varies from
almost 800 kW in the summer to about 600 kW in the fall/spring and winter. For
baseload operation at the hotel, the prime mover would be sized at 600 kW output
power.
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Figure 5-4 Monthly electricity peaks and minima
Electricity used in the hotel varies by season and by day of the week. Figure 5-5 shows
total data used in each day of the week for summer, fall/spring, and winter. Electricity
usage during the week is different for each season. During the summer, electricity
usage peaks Monday and Tuesday and then decreases to a weekly low on Saturday.
During the Fall/Spring electricity usage is lowest on Thursday then steadily increases to
a weekly high on Wednesday. During the summer electricity usage is the lowest early
during the week and on weekends and is highest from Wednesday through Friday. The
data in Figure 5-5 do not reveal a pattern consistent throughout the seasons. The
weekly difference of energy used during the winter may be due to variations in hotel
occupancy and/or conferences going on. Summer and fall/spring differences may be
attributed to weather conditions as well. Figure 5-6 shows hourly load data for a week in
the summer.
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Figure 5-5 Total electricity used by day of the week
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Figure 5-6 Electricity load profile for each day of the week in the summer
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Hourly load data for a typical day in each season are shown in Figure 5-7. Winter and
fall/spring load curves are very similar even overlapping a few times. The summer load
curve looks very much like the winter curve, only shifted upwards 200 kW. The shift in
the summer curve is mostly due to the electric chillers running all the time. The hotel
demand curve is lowest during the early hours of the morning, increases between 6am
and 9am when most of the hotel guests wake up and hotel activities commence. The
demand curve then holds steady from 9am through 3pm and then slowly decreases for
the rest of the day. The hotel's load curve is occupancy driven, increasing during
working hours and decreasing in the off hours.
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Figure 5-7 Peak electricity demand for a day.
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5.2.1 Summer
Average, peak, and minimum demand at each hour for July is shown in Figure 5-8. The
difference between the peak and minima curve is constant throughout the day between
300 and 400 kW. Weekday and weekend load curves are compared in Figure 5-9. Both
curves are very similar for the morning hours then have a 100 to 200 kW difference in
the afternoon.
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Figure 5-8 Summer average, peak, and minimum load profiles
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Figure 5-9 Summer weekday and weekend load profiles
5.2.2 Fall/Spring
Average, peak, and minimum demand at each hour for April are shown in Figure 5-10.
The difference between the peak and minima curves is very small during the night at
less than 200 kW but very large during the sunlight hours at 400 kW. Weekday and
weekend load curves are compared in Figure 5-11. Both curves are very similar during
the late afternoon and night hours and have a 200 kW difference in the morning and
early afternoon.
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Figure 5-11 Fall/spring weekday and weekend load profiles
53
=
C
'U
E
a)
0
1 3 5 7 9 11 13 15 17 19 21 23
Time of day
- Average -U- Peak -4- Minimum
Figure 5-10 Fall/spring average, peak, and minimum load profiles
1400
1200
1000
800
600
V
E
400
200
0
-
-
-
.~II -- I- - U -
5.2.3 Winter
Average, peak, and minimum demand at each hour for January are shown in Figure 5-
12. The difference between the peak and minima curves is very small during the night
at less than 200 kW and very large during the sunlight hours of up to 400 kW. Weekday
and weekend load curves are compared in Figure 5-13. Both curves are very similar
overlapping each other throughout the day.
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Figure 5-12 Winter average, peak, and minimum load profiles
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Figure 5-13 Winter weekday and weekend load profiles
5.3 Data Modeling
Knowing peak and minimum electricity demand is useful but not enough when choosing
the right size of prime mover for the hotel. It is also necessary to verify how many times
the hotel requests certain peak and minimum loads. The hour-by-hour data for a
complete month in the summer, fall/spring, and winter was used in the analysis of the
energy model.
In the first step of the model, demand histograms were generated. Demand intervals
were chosen to be 5% of the annual peak demand (1450 kW), as in the first column of
Table 5-2. Hourly readings for an entire month within the demand interval were
recorded in the second column of Table 5-2. Histograms for each season were
generated and shown in Figure 5-14. The bars in black show the data presented in
Table 5-2.
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Table 5-2 Summer demand interval data
0.0 0 0.00 1.00
72.5 0 0.00 1.00
145.0 0 0.00 1.00
217.5 0 0.00 1.00
290.0 0 0.00 1.00
362.5 0 0.00 1.00
435.0 0 0.00 1.00
507.5 0 0.00 1.00
580.0 0 0.00 1.00
652.5 0 0.00 1.00
725.0 0 0.00 1.00
797.5 14 0.02 0.98
870.0 48 0.06 0.92
942.5 63 0.08 0.83
1015.0 59 0.08 0.75
1087.5 93 0.13 0.63
1160.0 107 0.14 0.48
1232.5 136 0.18 0.30
1305.0 117 0.16 0.14
1377.5 87 0.12 0.03
1450.0 20 0.03 0.00
Total 744 1.00
180 - -
160
140
S 120 ---
c
Me
100
0
80
E
z 60
40
20 -
0
73 218 363 508 653 798 943 1088 1233 1378
Demand [kW]
p summer M Fall/Spring O Winter
Figure 5-14 Demand interval histograms
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The histograms in Figure 5-14 show the electricity demand mostly requested by the
hotel for each season. During the summer month the demand interval between 1160
and 1233 kW saw the most readings followed by the interval from 1233 to 1305 kW.
During the fall/spring month the interval between 943 and 1015 kW saw the most
readings. Besides monthly demand interval readings, the histograms also show peak
and minimum demand intervals for each season.
At the second step of the model, load duration curves were generated. These curves
were created from the histogram data and show the amount of time that a demand is
surpassed. Load curves for each season are shown in Figure 5-15. For the summer,
50% of the hotel's electricity demand (725 kW) is exceeded 100% of the time and 80%
of the demand peak (1160 kW) is exceeded 50% of the time. During the summer and
fall/spring months 40% of the hotel's electricity demand (580 kW) is exceeded 100% of
the time, 65% of the peak (942.5 kW) is exceeded 50 % of the time, and finally 80% of
the demand peak is exceeded only 2% of the time.
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Figure 5-15 Load duration curves
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The last step of the model required generating capacity load curves. These curves
relate demand to the total hotel load that occurs at or below a certain demand level. To
generate the capacity demand curves, trend lines of the demand load curves above
were generated for each season. The corresponding equations were integrated and
plotted in Figure 5-16. The trend line equations and their integrals are:
Summer
y =21.18x 5 - 46.81x 4 + 32.71x 3 -8.91x 2 +0.83x +0.99
A= 3.53x 6 - 9.36x5 + 8.12x 4 -2.96x + 0.42X2 +.99x
dx
Fall/Spring
y = -74.72x6 +221.65X5 -233.50x4 +104.09x' -19.83X2 +1.32x +.99
dy =-10.68X6 + 36.94x 5 -46.70x 4 + 26.02x 3 -6.6 1x2 + 0.66x +.99
dx
Winter
y=-114.96x6 +335.72x 5 -351.43x 4 +157.89x 3 -30.19x 2 +1.98x +.99
y= -16.42x + 55.95x? -70.29X5+ 39.47X4 -10.06x' + 0.99x2 + 0.98x
dx
The capacity curve for the summer is linear up to 65% capacity which means that the
hotel will use 82% of a month's demand at demand levels of 65% of the peak or less.
For the winter and fall/spring the capacity curve is linear up to 54% capacity which
means the hotel will use 83% of a month's demand at demand levels of 54% of the
peak or less.
The capacity curves were used for choosing the optimum prime mover size. The hotel's
baseload occurs at 600 kW, which is 41 % of the peak capacity. Sizing the prime mover
at 41 % of the peak will supply 64% of the winter and fall/spring electricity demand but
only 51 % of the summer demand. Sizing the prime mover at baseload demand will
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ensure that all the electricity output of the prime movers will be used by the hotel but it
does not ensure the maximum amount of dollar savings.
On the other hand, if the prime mover is sized above 80% of demand (1160 kW), a
huge amount of electricity will be thrown out as waste during the winter and fall/spring
months. Given that the hotel has a generating capacity of over 60 kW it cannot sell
excess electricity back to the grid. Electricity produced by the prime movers and not
used by the hotel results in economic losses since the hotel still has to pay for the fuel
to produce the excess electricity.
Sizing the prime mover at baseload (35%) or total (100%) capacity demand does not
ensure the maximum economic savings for the hotel but serve as a lower and upper
bound of the optimum prime mover size. Another prime mover size that was looked at
was 54% of capacity demand (783 kW), which is the point where the capacity curves
are both linear. The point is shown in Figure 5-16. If the system is sized at 54% of the
peak demand, 83% of the winter and fall/spring electricity demand and 69% of the
summer demand will be supplied by the prime mover.
Increasing the prime mover's size to produce 70% of the peak capacity will supply 97%
of winter and fall/spring electricity demand. This is a 30% increase in prime mover size
but only 15% increase in electricity supply. The additional capital investment in prime
mover equipment might not be worth the extra cost for such a small increase in
electricity output.
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6 Modes of Operation
Energy systems are modeled after electrical or thermal loads. The energy system for
the feasibility analysis was designed to fulfill the hotel's electricity demand first, rather
than the thermal demand. There are several operating modes for power generators and
cogeneration facilities. Each of these modes offers different advantages to the end user
where some are more economical than others depending on the application. To better
illustrate each operation mode the annual hourly peak and minima load profile for the
hotel was used. Figure 6-1 below shows the profile for June 27 2003 (peak) and
October 15 2002 (minimum).
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Figure 6-1 Peak and minimum hotel electricity load profile
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6.1 Isolated Operation
In Isolated operation the prime movers are not interconnected to the grid and thus
expected to produce all the electricity and heat required in-house. The system required
for this operation should supply enough to cover the peak load, 1,400 kW, and a
reserve load for short-term power needs. In this case a 200 kW margin would be
installed increasing the total power to 1600 kW. However, in isolated power generation,
redundant power is usually installed to take up the load during scheduled and
unscheduled outages. Including reserve and redundant power amounts to 175% of the
peak required increasing total installation capacity of the plant to 2450 kW. Installing
extra power greatly increases the capital cost and decreases the efficiency of the
system. In practice, it is also recommended to split electricity generation among at least
three prime movers for reliability purposes.
In cogeneration projects another problem arises when the electrical and thermal loads
do not coincide. In the winter for example, when the electricity requirement is low, not
enough exhaust heat would be produced to satisfy the thermal requirement. In this
situation heat must be generated from separate boilers. In the opposite case during
summer months when electricity demand is higher than thermal demands, excess
amounts of heat will be rejected without being reused.
Given the high capital cost of this type of operation it would be recommended only
where the cost of electricity is high enough to make it economical or in cases where the
electric grid does not reach the building. Islanding is not a good option for the Marriott
Hotel.
6.2 Baseload
Baseload operation systems are designed so that the minimum electricity demand is
greater than the energy system's rated output power. Baseload operation removes the
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high capital cost and inefficiencies that came with isolated operation. Redundant
generating equipment is no longer necessary once the prime movers are interconnected
to the electricity grid. Figure 6-2 shows a system sized to the minimum electricity load
for all seasons. The electricity produced by the prime movers is shaded while the
electricity bought from the grid is that between the load curve and the shaded region. In
baseload operation there is no need for reserve or redundant power since the grid
electricity would satisfy these loads. The system required output power for this type of
operation is 600 kW, greatly decreasing capital costs. Baseload systems also operate
more efficiently since all of the electricity produced ends up being used by the hotel.
Matching thermal loads exactly in cogeneration systems is not always possible so
supplemental boilers might be needed during the winter while extra heat might be given
off during the summer.
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Figure 6-2 Electrical baseload operation
63
i
0
6.3 Peak Shaving
Power systems can also be designed to supply electricity at peak times during the day.
Peak times may be defined as the hotel's peak operating loads, those required above
1200 kW, or utility peak times, between 9 am and 6 pm, when the price of utility
electricity spikes. For the Marriott Hotel analysis, the hotel's defined peak time was
used. This mode of operation is usually applied to reduce the cost of electricity
purchased from the grid. Some of these systems are designed with heat recovery
technology but the limited hours of operation may not prove cost effective. The shaded
region in Figure 6-3 represents the electricity from the prime movers that operate
between 1200 and 1400 kW. The required system capacity for this example is only 200
kW, the lowest needed capacity of all three modes of operation.
1500
1200
900
600
300
0
3 5 7 9 11 13
Hour of day
15 17 19 21 23
- Minimum
Figure 6-3 Peak shaving electric load
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6.4 54% of Peak Operation
The last prime mover operating mode considered in the analysis was determined from
the capacity load curves in the previous chapter. This power output of 54% of the peak
(780 kW) was the point were the capacity load curves for all seasons stopped being
linear. Figure 6-4 shows in gray the power that would be produced by a prime mover
sized at 780 kW. During the early hours of the morning in the low peak months the
prime mover will produce more electricity than needed but after 7am all of the electricity
produced will be used. For the high peak months in the summer all of the electricity
produced by the prime mover will be used. By sizing the prime movers at 780 kW
instead of 600 kW like for baseload operation, the prime movers will be able to displace
more grid electricity thus maximizing economic savings.
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Figure 6-4 54% electric load
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7 Preliminary Analysis
Four operating modes and four prime movers were chosen for the analysis. The target
output power for islanding is 1600 kW, for baseload at most 600 kW, for peak shaving
200 kW, and for 54% of peak output is 780 kW. The prime movers selected for the
hotel have different output powers that depend on their manufacturer. For PAFC the
output rated power is 200 kW, for MCFC is 250 kW, for microturbines is 60 kW, and for
the lean burning reciprocating engine it is 334 kW. Matching the prime mover's rated
output power to that needed by each operating mode yielded close but different total
system output power. Table 7-1 shows the sixteen possible combinations of prime
mover and operating mode and the total system output power. The number of prime
movers needed for each operating mode is shown in parenthesis.
Table 7-1 Prime mover output power for each operating mode
Peak Shaving Baseload 54% Island
PAFC 200 kW (1) 600 kW (3) 800 kW (4) 1600 kW (8)
MCFC 250 kW (1) 500 kW (2) 750 kW (3) 1750 kW (7)
MCTUR 240 kW (4) 600 kW (10) 780 kW (13) 1620 kW (27)
RECIP 334 kW (1) 334 kW (1) 668 kW (2) 1670 kW (5)
Payback period was used to determine the significance of economic savings. Payback
period is the number of years it would take for the system to recover the initial capital
investment with the return. A payback period of 3 to 5 years is usually considered ideal
but 10 years is still in the hotel's allowable time limit. Return refers to the savings
obtained by replacing utility energy with prime mover energy. The equation for payback
period is:
Payback [years] = Cost of Project / Annual Return
The cost of the project includes initial capital investment and installation costs.
Installation costs were estimated to be 30% of the initial capital investment as is
67
commonly used in the industry. Table 7-2 below shows estimated cost of project for
each operation mode and prime mover.
Table 7-2 Table description here
Peak Shave Baseload 54% of Peak Island
PAFC $1,105,000 $3,315,000 $4,420,000 $8,840,000
MCFC $1,300,000 $2,600,000 $3,900,000 $9,100,000
MCTUR $287,040 $717,600 $932,880 $1,937,520
RECIP $143,286 $143,286 $286,572 $716,430
7.1 Fuel Cost vs. Displaced Electricity Costs
The first calculation verified the economic savings from buying prime mover fuel and
displacing grid electricity costs. The current cost of electricity and natural gas were
used for these calculations. The cost of electricity is $0.0830/kWh and the cost of
natural gas is $0.966/therm. For peak shaving, baseload, and 54% it was assumed that
all the electric output of the prime movers was used by the hotel. For island operation,
the hotel consumed only 1400 kW of those produced. Net savings were calculated
using the following equation
Savings= [p* E]-[q* G]
where p is the electricity produced by the prime mover and used by the hotel [kWh], E is
the price of electricity [$/kWh], q is the amount of prime mover fuel for an hour
[therm/hr], and G is the price of natural gas [$/therm]. The first term in the above
equation is the cost of displaced electricity and the second term is the cost of prime
mover fuel. The results are shown in Tables 7-3 through 7-6.
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Table 7-3 Peak shaving savings
PAFC MCFC MCTUR RECIP
Prime Mover Output 200 kWh 250 kWh 240 kWh 334 kWh
Cost Elect Displaced 16.60 $ 20.75 $ 19.92 $ 27.72 $
Total Fuel Needed 19.1 therm/hr 17.9 therm/hr 32.2 therm/hr 33.2 therm/hr
Cost of Fuel 18.47$ 17.30$ 31.06$ 32.06$
Net savings -1.87 $ 3.45$ -11.14$ -4.34$
Table 7-4 Baseload savings
PAFC MCFC MCTUR RECIP
Prime Mover Output 600 kWh 500 kWh 600 kWh 334 kWh
Cost Elect Displaced 49.80 $ 41.50 $ 49.80 $ 27.72 $
Total Fuel Needed 57.4 therm/hr 35.8 therm/hr 80.4 therm/hr 33.2 therm/hr
Cost of Fuel 55.41 $ 34.60 $ 77.64 $ 32.06 $
Net savings -5.61 $ 6.90 $ -27.84 $ -4.34 $
Table 7-5 54% operation savings
PAFC MCFC MCTUR RECIP
Prime Mover Output 800 kWh 750 kWh 780 kWh 668 kWh
Cost Elect Displaced 66.40 $ 62.25 $ 64.74 $ 55.44 $
Total Fuel Needed 76.5 therm/hr 53.7 therm/hr 104.5 therm/hr 66.4 therm/hr
Cost of Fuel 73.88 $ 51.90$ 100.94$ 64.12$
Net savings -7.48 $ 10.35 $ -36.20 $ -8.68 $
Table 7-6 Islanding savings
PAFC MCFC MCTUR RECIP
Prime Mover Output 1400 kWh 1400 kWh 1400 kWh 1400 kWh
Cost Elect Displaced 116.20 $ 116.20 $ 116.20 $ 116.20 $
Total Fuel Needed 153.0 therm/hr 125.4 therm/hr 217.1 therm/hr 166.0 therm/hr
Cost of Fuel 147.76$ 121.09$ 209.63$ 160.31 $
Net savings -31.56 $ -4.89 $ -93.43 $ -44.11 $
The molten carbonate fuel cell was the only technology that resulted in savings. All the
other technologies yielded losses meaning it would be more expensive to pay for the
prime mover fuel than buy the electricity directly from the utilities. Even so, savings
from the MCFC yield an annual return of $90,687 resulting in a payback period of 43
years.
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Clearly 43 years is too long and the initial capital investment would not be worth the
hotel's money, time, and effort. Fortunately cogeneration offers extra savings by taking
advantage of the prime mover's exhaust power. During the winter and fall/spring
months the exhaust is used for heat and during the summer it is used for cooling via an
absorption chiller. If any exhaust is left during the summer, it is then used for hot water.
A cogeneration analysis was performed to see if cogeneration was indeed a viable
option. Net savings with cogeneration were calculated using the following equation
Savings =[p* E + * G -[q* G
where x is the amount of prime mover exhaust [therm/hr] and 77B is the boiler efficiency,
in this case 80%. The first term in the above equation is the cost of displaced electricity,
the second term is the cost of prime mover exhaust recovered, and the third term is the
cost of prime mover fuel. The analysis assumes all the prime mover exhaust was then
used by the boiler. The resulting payback years for savings including cogeneration are
shown in Table 7-7.
Table 7-7 Cogeneration payback years
Prime Mover Baseload, 54%, IslandPeak Shave
PAFC 14.0 18.2
MCFC 21.0 50.9
MCTUR 2.2 2.7
RECIP 2.7 10.5
Payback period is very sensitive to initial capital investment. Since microturbines and
reciprocating engines have a low capital investment compared to fuel cells, their
payback period is up to ten times faster. Of the fuel cells, PAFC has lower electrical
efficiency and higher exhaust power increasing the amount of recoverable energy.
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8 Detailed Analysis
The previous cogeneration analysis assumed that the hotel, regardless of its demand
load, used all the electricity produced by the prime mover. The following analysis
however, takes into account the hourly demand load for each season. The big
advantage of buying electricity and natural gas from the grid is its load following
characteristic. The hotel only pays for the electricity or natural gas it needs. The study
is very important since it truly reflects the savings of a cogeneration plant vs. the grid.
This detailed analysis was done for each prime mover and operating mode for summer,
fall/spring, and winter seasons. For the fall/spring and winter seasons all the available
exhaust from the prime mover was used for heat and hot water purposes. For the
summer two analyses were done. The first assumed all the exhaust was used for heat
and hot water and the second assumed the use of an absorption chiller for cooling. Any
extra exhaust was then used for heat and hot water. Exhaust that is not used by the
energy system is thrown out as waste.
In this analysis, savings were determined by subtracting the cost of producing electricity
and supplying natural gas needs with the cogeneration plant (cogen) from the cost of
buying electricity and natural gas from the grid (historic).
Savings = Historic - Cogen
The above calculation was done for each hour in a day. The load profile chosen to
represent each season was an hourly average over a week in the respective month.
The cogeneration cost for the winter, fall/spring, and summer day where all exhaust
heat is used for heat and hot water is
Cogen = [(l-p)* E]+ [q* G]+ [(r + n)* G]
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where / is the hourly load demand of the hotel [kWh], p is the electricity provided by the
prime mover [kWh], E is the price of electricity [$/kWh], q is the prime mover fuel
consumption rate [therm/hr], G is the price of natural gas [$/therm], r is the natural gas
that needs to be purchased in addition to prime mover fuel [$/therm], and n is the non-
displaceable fuel [therm/hr]. The actual price of electricity at $0.083/kWh was used.
The average natural gas price for each month calculated earlier was used. For winter
the rate was $1.019/therm, for fall/spring $1.114/therm, and for summer $0.915/therm.
The first term in the above equation represents the electricity that is not provided by the
prime mover and still needs to be bought from the grid. The second term is the fuel cost
to run the prime mover, and the third term is the fuel cost for the natural gas purchased
for heating not covered by exhaust fuel and non-displaceable activities like cooking. In
the third term, r was calculated using
r = (g - n)-
('B
where g is the natural gas historically used by the hotel [therm/hr], n is the non-
displaceable fuel [therm/hr], x is the energy from the exhaust of the prime mover
[therm/hr], and 7JB is the boiler efficiency assumed to be 80%. The first term represents
fuel that can be replaced by exhaust energy, also called displaceable fuel. Non-
displaceable fuel for the hotel is 6.1 therm/hr. The second term is the natural gas that
has been replaced by exhaust heat.
The cogeneration cost for a summer day using recovered heat to run an absorption
chiller and then using the excess for heating purposes is
Cogen= [-(p+c))* E]+[q* G]+[(r+n)* G]
where c is electricity originally used by the electric chiller now displaced by using and
absorption chiller [kWh]. The size of the absorption chiller was determined given the
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exhaust heat available from the prime mover. The coefficient of performance (COP) of
the absorption chiller was assumed to be 0.75 and for the current electric chiller a COP
of 4. Once the size of absorption chiller was determined, the comparable electricity
displaced was calculated. Table 8-1 shows the chiller refrigeration tons [CTR] and their
corresponding electric and thermal input. Table 8-2 shows the maximum size of
absorption chiller possible for each prime mover and operating mode.
Table 8-1 Absorption chiller thermal input
0O0
115
144
173
192
230
288
336
384
432
480
672
768
800
11,1
404
506
608
675
809
1013
1182
1350
1519
1688
2363
2701
2813
84
101
127
152
169
202
253
295
338
380
422
591
675
703
450
539
675
811
900
1078
1350
1576
1801
2026
2251
3151
3601
3751
S0.4+
18.4
23.0
27.7
30.7
36.8
46.1
53.8
61.4
69.1
76.8
107.5
122.9
128.0
Table 8-2 Maximum absorption chiller size
PAFC [CTR] MCFC [CTR] MCTUR [CTR] RECIP [CTRI
PEAK - 115
BASELOAD 144 - 336 -
54% 192 - 432 96
ISLAND 432 115 800 230
The historic electricity and natural gas costs from which the cogeneration costs were
subtracted was calculated using the following equation
Historic = [l* E ]+ [g* G]
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8.1 Results
The annual economic savings for each operating mode and prime mover are shown in
Table 8-3. For each operating mode there are two types of savings. The boiler column
shows savings when the exhaust heat is used for heat and hot water only and the chiller
column shows the savings values when the exhaust heat is used to run an absorption
chiller.
The most savings were obtained by the PAFC in baseload operation followed by PAFC
in 54% of peak operation, and the MCFC in 54% of peak. Island operating mode and
the microturbine in 54% of peak lead to losses instead of savings. Island mode is
therefore not economic option for the hotel.
Table 8-3 Annual savings
Baseload 54% Peak Shaving Island
Chiller Boiler Chiller Boiler Chiller Boiler Chiller Boiler
PAFC $208,742 $178,974 $183,122 $145,790 $81,740 $81,740 -$368,196 -$356,850
MCFC $107,116 $107,116 $149,694 $149,694 $55,144 $55,144 -$178,730 -$166,530
MCTUR $66,978 $5,856 -$15,982 -$84,424 $96,014 $72,346 -$930,616 -$928,664
RECIP $29,890 $29,890 $59,170 $44,286 $29,890 $29,890 -$512,766 -$510,814
8.1.1 Phosphoric Acid Fuel Cell
Of all the prime movers, PAFC resulted in the most annual savings to the hotel. The
best operating mode for PAFC was baseload when the exhaust was used to run an
absorption chiller. The most savings during the summer came from the reduced
electricity demand due to displaced chiller electricity. In second place came 54% of
peak operation with a chiller, followed by baseload operation with a boiler, then 54%
with a boiler, and finally peak shaving. Daily savings for PAFC during each season are
shown in Table 8-4.
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For baseload and 54% operation, winter recorded the most savings mostly because
there is more demand for exhaust heat, thus reducing waste. The least savings were
recorded during the summer. Baseload operation had more savings than 54% operation
during the winter and fall/spring season. The opposite occurred during the summer
where 54% operation generated more savings than baseload operation when a chiller
was used. Operating at 54% of peak instead of baseload during high periods of
electricity demand in the summer means less electricity needs to be bought from the
grid resulting in greater savings. Also, running at 54% of peak generates more exhaust
that in turn is used to run a higher tonnage chiller. However when an absorption chiller
was not used during the summer, 54% operation had lower savings than baseload
mostly because more waste was produced in 54% operation.
When exhaust heat was used to run an absorption chiller the hotel saved more than
when all the exhaust heat was used for heat and hot water. However, during peak
shaving the use of an absorption chiller was not possible due to low exhaust rate. For
peak shaving the most savings occurred during fall/spring followed by the winter. Island
operation is more expensive than buying electricity and natural gas from the grid;
therefore it should only be used when no other way of providing electricity is available.
For the PAFC the recommended operating mode in terms of savings is baseload
operation given it yields the most savings throughout the year.
Table 8-4 Daily PAFC savings for each season
Baseload 54% Peak shaving Island
Chiller Boiler Chiller Boiler Chiller Boiler Chiller Boiler
Summer $321 $77 $361 $55 $120 $120 -$1,020 -$927
Fall/Spring $502 $502 $345 $345 $346 $346 -$1,416 -$1,416
Winter $888 $888 $795 $795 $204 $204 -$582 -$582
8.1.2 Molten Carbonate Fuel Cell
For every season, operating at 54% of peak demand resulted in the most savings for
MCFC. Summer operation yielded the most savings overall followed closely by winter
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savings. Peak shaving resulted in the least savings and Island operation reported
losses for every season. For baseload, 54% of peak, and peak shaving the use of an
absorption chiller was not possible since exhaust from the MCFC was not sufficient.
The values for chiller and boiler daily savings are therefore the same for these operating
modes. Daily savings for MCFC during each season are shown in Table 8-5.
During the summer, MCFC without a chiller at 54% of peak operation, had the most
savings while the PAFC had the least. The difference in savings between these two
prime movers lies in the amount of exhaust that can be reused. During the summer
months the maximum exhaust that can be reused is 6.1 therm/hr. The PAFC has an
exhaust rate of 27 therm/hr therefore almost 80% of the exhaust is released as waste.
On the contrary the MCFC has a recoverable exhaust rate of 7.5 therm/hr where almost
no heat ends up as waste. During the winter and fall/spring when the hotel needs more
heat, the PAFC offers a better option by providing enough heat to significantly reduce
the amount of extra natural gas to be purchased.
The MCFC in baseload operation saved the most during summer, followed by the
winter, and finally the fall/spring. For 54% of peak operation most savings resulted
during the summer, followed by the winter, and finally the fall/spring. For peak shaving
operation most savings were reported for summer, followed by the winter, and then
fall/spring. Fall/spring had the least savings since the most waste heat is produced.
The recommended operating mode for the MCFC is at 54% of peak without an
absorption chiller. At 54% the initial capital cost is higher than for baseload operation so
the payback period is also higher. However, annual savings for 54% are almost
$50,000 more than for baseload, which in the long run will result in more savings.
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Table 8-5 Daily MCFC savings for each season
Summer $351
Fall/Spring $226
Winter $301
$351
$226
$301
$455
$325
$447
$455 $195 $195 -$421 -$321
$325 $107 $107 -$969 -$969
$447 $150 $150 -$75 -$75
8.1.3 Microturbine
Overall, microturbines only presented positive results for peak shaving. Savings for
peak shaving were the highest among all the other operating modes. Winter resulted in
savings for all operating modes except islanding. Winter savings balanced out losses
during fall/spring for baseload operation, which resulted in net annual savings.
Islanding and 54% of peak resulted in net annual losses. Daily savings and losses for
microturbines during each season are shown in Table 8-6.
Summer operation with an absorption chiller resulted in higher savings than using the
exhaust for heat and hot water only. Microturbines are not as efficient as fuel cells and
thus require more fuel to produce the same amount of electricity. However, they do
produce large amounts of usable exhaust. During the winter months the exhaust heat is
all used, but during the fall/spring and summer without a chiller, most of the exhaust is
released as waste. Given microturbine performance in this analysis, this prime mover
would be suitable only for buildings with a high thermal demand or peak shaving
applications.
Table 8-6 Daily microturbine savings for each season
Baseload 54% Peak shaving Islanding
Chiller Boiler Chiller Boiler Chiller Boiler Chiller Boiler
Summer $72 -$429 -$39 -$600 $107 -$87 -$2,350 -$2,334
Fall/Spring -$114 -$114 -$434 -$434 $329 $329 -$3,129 -$3,129
Winter $591 $591 $342 $342 $351 $351 -$2,149 -$2,149
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8.1.4 Reciprocating Engine
Reciprocating engines showed positive results for all operating modes except islanding.
Baseload and peak shaving savings are identical since the prime mover rated output
power is the same. Table 8-7 shows daily reciprocating engine savings for each
season. All savings were between $10 and $240 a day. Maximum savings were seen
during the winter months, particularly at 54% of peak. When an absorption chiller was
used during the summer, savings increased from $14 to $136. Exhaust heat during
baseload and peak shaving was not enough to run an absorption chiller, so results for
the two options are the same. Reciprocating engines showed consistent savings
throughout the seasons but were not as high as savings for the other prime movers.
Table 8-7 Daily reciprocating engine savings for each season
Baseload 54% Peak shaving Islanding
Chiller Boiler Chiller- Boiler Chiller Boiler Chiller Boiler
Summer $78 $78 $136 $14 $78 $78 -$1,228 -$1,212
Fall/Spring $53 $53 $118 $118 $53 $53 -$1,763 -$1,763
Winter $114 $114 $231 $231 $114 $114 -$1,212 -$1,212
8.2 Payback Years
Payback years using the detailed savings data are shown in Table 8-8. The cases
without a payback year are those with losses instead of savings. The fastest payback
years are for the reciprocating engine and microturbine in peak shaving. Payback
years for the fuel cells are between 10 and 20 years, which is much higher than the
optimum 3 to 5 years.
Table 8-8 Payback years
Baseload 54% Peak Shaving Island
Chiller Boiler Chiller Boiler Chiller Boiler Chiller Boiler
PAFC 12.2 14.2 18.6 23.3 10.4 10.4 - -
MCFC 18.7 18.7 20.0 20.0 18.1 18.1 - -
MCTUR 8.2 94.3 - - 2.3 3.1 - -
RECIP 3.7 3.7 3.7 5.0 3.7 3.7 - -
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9 Sensitivity
For the sensitivity study the detailed analysis was used. Initial capital cost, natural gas,
and electricity prices were increased and decreased for every representative day in
each season. Annual savings were then obtained by first multiplying daily savings by
the number of days in each season, and then adding savings for each season.
Increase and decrease in electricity and natural gas prices were changed in 5%
increments, simulating real life price fluctuations.
9.1 Capital Cost
Payback year is highly dependent on capital cost. When the initial capital cost of fuel
cells was lowered to the industry goal of $1 000/kW, payback years for the fuel cells
greatly decreased. Payback years for fuel cell capital cost of $1 000/kW are shown in
Table 9-1. Payback years for fuel cell baseload, peak shaving, and 54% operation are
all at or below 6 years. Figure 9-1 shows a comparison of fuel cell payback years using
actual price and then the optimum price of $1000/kW. Payback years for fuel cells at
$1 000/kW are four times smaller. For a PAFC baseload installation payback years are
down to 3.1 and for a MCFC 54% system down to 5. Both of these energy plants are
within the acceptable payback time limit.
If the capital cost of the fuel cells can be lowered to $1 000/kW, installing fuel cells at the
hotel is highly recommended. PAFC in baseload operation offer the maximum savings
and faster payback time. MCFC also offer a good alternative when sized at 54% of peak
load.
Table 9-1 Payback years for fuel cell cost of $1 000/kW
PAFC
MCFC
MCTUR
RECIP
3.1
5.2
10.9
6.1
3.4
4.7
94.3
3.7
4.6
5.4
5.1
5.5
5.0
5.0
2.9
5.8
2.8
6.1
2.4
4.5
3.1
3.7
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Figure 9-1 Payback years for reduced fuel cell capital cost
9.2 Price of Electricity
The price of grid electricity varies every year. The savings achieved after installing a
prime mover are highly dependent on the price of grid electricity. If the price of
electricity decreases in the future, a viable project today might not be feasible in the
future. A sensibility study showing the change in annual plant savings resulting from
changes in grid electricity prices was done.
9.2.1 Phosphoric Acid Fuel Cell
Figure 9-2 shows the annual savings percent change for a PAFC when the price of
electricity is increased and decreased in 5% increments. Figure 9-3 shows the change
in annual savings, and Figure 9-4 shows the change in payback years for a PAFC
system.
80
U)
a-
IL
Peak Sh - CH Peak Sh - B
Peak shaving is the least sensitive operating mode to electricity change and 54% is the
most sensitive. When the price of electricity increased 15%, savings for 54% operation
increased by 62%, for baseload 39%, and for peak shaving 28%. Even though the
percent change of 54% operation was larger, savings for a PAFC baseload plant
remained higher than for the other operating modes. With a 15% increase in electricity
prices, annual savings for baseload rose up to $250,000 decreasing payback years
from 14 to 10 years. For 54% operation savings rose to $236,000 decreasing payback
years from 23 to 14 years, and for peak shaving savings increased to $104,000
lowering payback from 10 to 8 years. If electricity prices were to increase by 5%
annually, a plant sized at 54% of peak demand would see the most benefits in the long
run.
If the price of grid electricity were to decrease 5% annually, 54% operation would be the
most affected. When the price of electricity decreased by 15%, baseload savings
decreased 38%, 54% operation savings decreased almost 60%, and peak shaving
savings decreased only by 22%. Annual savings for baseload operation remained
above $100,000 while annual savings for 54% and peak shaving approached $50,000.
The decrease in annual savings extremely increased payback years. For 54% payback
years increased from 23 to 53 years, for peak shaving from 10 to 14, and for baseload
from 14 to 22 years. If electricity prices were to decrease by 5% annually, a plant
designed for peak shaving would be the least affected in the long run. For a high-risk
investor, 54% operation would be attractive, but baseload operation offers good savings
at a lower risk.
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9.2.2 Molten Carbonate Fuel Cell
Figure 9-5 shows the annual savings percent change for a MCFC when the price of
electricity is increased and decreased in 5% increments. Figure 9-6 shows the change
in annual savings and Figure 9-7 shows the change in payback years for a MCFC
system.
For MCFC, the operating modes have very similar sensitivity to the change in the
electricity prices. However, peak shaving is the least sensitive operating mode and 54%
is the most sensitive. When the price of electricity increased 15%, savings for 54%
operation increased by 57%, for baseload 54%, and for peak shaving 52%. With a 15%
increase in electricity prices, annual savings for baseload rose up to $164,600
decreasing payback years from 18.7 to 12.1 years. For 54% operation savings rose to
$235,500 decreasing payback years from 20 to 12.7 years, and for peak shaving
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savings increased to $84,000 lowering payback from 18.2 to 12 years. If electricity
prices were to increase by 5% annually, all operating modes would see the same
savings percentage increase.
If the price of grid electricity were to decrease 5% annually, all operating modes would
experience the same savings decrease. When the price of electricity decreased by
15%, baseload savings decreased 49%, 54% operation savings decreased almost 52%,
and peak shaving savings decreased by 47%. Annual savings for baseload operation
decreased to $55,000, for 54% savings decreased to $72,000, and for peak shaving to
less than $30,000. The decrease in annual savings doubled all payback years for all
operating modes. For 54%, payback years increased from 20 to 41.5 years, for peak
shaving from 18.2 to 34.4, and for baseload from 18.7 to 36.3 years. Even though
percentage decrease in savings is similar for all three operating modes, change in
payback years for 54% operation is higher than for baseload and peak shaving. If
electricity prices were to decrease by 5% annually, a plant designed for 54% would be
the most affected in the long run.
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9.2.3 Phosphoric Acid vs. Molten Carbonate Fuel Cells
MCFC are more sensitive than PCFC to changes in electricity price during baseload
and peak shaving operation. For 54% operation, PAFC are more sensitive to changes
in electricity price.
When electricity prices increased by 15%, MCFC baseload percent savings increased
by 54% and 39% for baseload PAFC. However, savings for PAFC were still higher by
$83,000 a year. Payback years for MCFC decreased to 12 years and for PAFC to 10
years. A similar pattern was observed for peak shaving. Percent savings rose by 52%
for MCFC and only 29% for PAFC.
For 54% operation the opposite happened. When electricity prices increased by 15%,
MCFC percent savings increased 57% while PAFC increased by 62%. Annual savings
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were very similar differing only by $1000. Contrary to the base case, 54% operation
yielded more annual savings for a PAFC than MCFC. In the long run PAFC are more
profitable than MCFC for every operating mode. Payback years, however, are still a
year higher for PAFC. Payback years for all operating modes for a 15% increase in
electricity prices approached 10 years.
When electricity prices decreased by 15%, all MCFC savings decreased by about 50%.
For PAFC, peak shaving savings decreased by 56% while baseload and peak shaving
savings decreased by 35% and 25% respectively. PAFC still had the most annual
savings with $116,500 followed by MCFC at 54% operation with $72,000. The least
savings were still MCFC peak shaving operation with $29,000. Consequently, payback
years for all MCFC and 54% PAFC operation rose to above 34 years. PAFC baseload
and peak shaving payback years remained below 22 years. PAFC peak shaving had
the smallest change in payback years while PAFC 54% operation had the longest
payback at 53.3 years. In general, baseload and peak shaving for PAFC are far less
sensitive to decreases in electricity price than the rest of operating modes. PAFC
baseload and peak shaving are less risky options since they are the least sensitive to
changes in electricity price.
9.3 Price of Natural Gas
The price of natural gas varies every year by season. Historic natural gas prices for the
hotel are lowest during summer and highest during the spring. When natural gas prices
were increased or decreased for the sensibility analysis, each season's individual
natural gas price was increased.
9.3.1 Phosphoric Acid Fuel Cell
Figure 9-8 shows the annual savings percent change for a PAFC when the price of
natural gas is increased and decreased in 5% increments. Figure 9-9 shows the change
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in annual savings and Figure 9-10 shows the change in payback years for a PAFC
system.
For a PAFC, peak shaving savings are the least sensitive to increases in natural gas
price and 54% operation is the most sensitive. When the price of natural gas decreased
15%, baseload savings decreased by 27%, 54% operation by 51%, and peak shaving
by 21%. When natural gas prices were increased by 15%, savings for baseload
decreased by 23%, for 54% operation by 45% and 17% for peak shaving. Payback
years also increased by 19.4, 47.6, and 13.1 respectively. For peak shaving and
baseload, payback years remained the same except for 54% operation for which
payback years doubled. When natural gas prices were decreased, 54% operation
savings approached peak shaving savings at around $70,000, and when natural gas
prices were increased savings came close to baseload savings at $200,000. The
riskiest operating mode is 54% operation since it has the most savings but also the
most losses if natural gas prices change.
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9.3.2 Molten Carbonate Fuel Cell
Figure 9-11 shows the annual savings percent change for a MCFC when the price of
natural gas was increased and decreased in 5% increments. Figure 9-12 shows the
change in annual savings and Figure 9-13 shows the change in payback years for a
MCFC system.
For MCFC, changes in natural gas prices had a very similar percentage change in
savings. When natural gas prices increased by 15% all savings decreased by 50%, and
when prices decreased by the same amount savings increased by 40%. However,
peak shaving is the most sensitive of all operating modes. Payback years for all
operating modes remained very close. When natural gas prices where increased by
15%, payback went up to 35 years and when prices decreased, payback came down to
14 years. The most savings were obtained by 54% operation with $210,500 and the
least savings were obtained by peak shaving with $28,200.
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Figure 9-11 MCFC savings percent change with change in natural gas price
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9.3.3 Phosphoric Acid vs. Molten Carbonate Fuel Cells
MCFC are more sensitive to natural gas price changes than PAFC except at 54%
operation. The most savings overall were obtained by PAFC baseload operation with
$220,000 followed by PAFC and MCFC 54% operation. MCFC peak shaving had the
least savings with $28,000 followed by baseload with $60,000.
When natural gas prices increased, MCFC payback years were mostly higher than
PAFC except for 54% operation where PAFC reached almost 50 years. The least
payback was for peak shaving in both PAFC and MCFC at 13 years followed closely by
MCFC baseload at 13.5 and 54% operation at 14.3 years.
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9.4 Electricity vs. Natural Gas
MCFC and PAFC are both more sensitive to changes in electricity prices than to natural
gas prices by a few percentage points. When the price of natural gas and electricity
changed by 15%, the fuel cell systems were 11 percentage points more sensitive to
electricity than natural gas for baseload and 54% operation and 7 percentage points for
peak shaving. The only exception was MCFC peak shaving since the system was
equally as sensitive to increases in natural gas and electricity price changes when
utilities increased by 15%.
9.5 Simultaneous Electricity and Natural Gas price changes
9.5.1 Simultaneous Increase
Electricity and natural gas prices were increased simultaneously in 5% increments.
Figure 9-14 shows savings percentage change when electricity and natural gas prices
were changed simultaneously. All PAFC and MCFC operating modes presented
increase in savings. These savings however were smaller than the savings increase for
when the electricity price was increased alone. PAFC baseload resulted in the most
savings increase with 12%, followed by MCFC at 54% operation and baseload with
11%, and PAFC at 54% operation with 9% savings increase. Peak shaving
experienced the least increase in savings with 3%; next to PAFC peak shaving with 7%
savings increase.
Increasing electricity prices increased savings and increasing natural gas prices
decreased savings. Increasing electricity and natural gas prices simultaneously
balanced out the positive and negative changes in savings. The resulting increase in
savings was due to the fact that fuel cell systems have a higher sensitivity to electricity
price changes. Highest annual savings were $200,000 from PAFC baseload operation
and the least from MCFC peak shaving operation with $57,000.
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Figure 9-14 Savings percent change with change in electricity and natural gas prices
9.5.2 Best and Worst Case Scenario
Best and worst case scenarios resulting from changes in electricity and natural gas
prices were also recreated. The best-case scenario results from increasing electricity
prices and decreasing natural gas prices. The worst-case scenario results from
increasing natural gas prices and decreasing electricity prices.
9.5.2.1 Phosphoric Acid Fuel Cell
Figure 9-15 shows annual savings for PAFC when the electricity and natural gas prices
were changed in 5% increments. The first column is the worst case with electricity price
decreased 15% and natural gas price increased 15%. The last column shows the best-
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case scenario. Figure 9-16 shows annual savings percent change for PAFC with the
same given changes in electricity and natural gas prices.
Best-case scenario for PAFC resulted in savings of up to $290,000 with 54% operation
reducing payback years to 11.3 from 23.3. Baseload operation yield $283,000 in annual
savings and peak shaving in $116,000. Payback years for baseload were reduced from
14.3 to 8.8 and for peak shaving from 10.4 to 7.2.
The worst-case scenario resulted in losses for 54% operation while baseload and peak
shaving savings were reduced to $69,000 and $44,000 respectively. Payback increased
greatly for baseload from 14.3 to 37 and for peak shaving from 10.4 to 19.3.
Peak shaving operation is the least sensitive to best and worst case scenarios followed
by baseload, and then 54% operation. Savings for 54% doubled for best-case scenario
but more than halved for the worst-case scenario.
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Figure 9-15 PAFC savings change with change in electricity and natural gas price
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9.5.2.2 Molten Carbonate Fuel Cell
Figure 9-17 shows annual savings for MCFC when the electricity and natural gas prices
were changed in 5% increments. The first column is the worst case with electricity price
decreased 15% and natural gas price increased 15%. The last column shows the best-
case scenario. Figure 9-18 shows annual savings percent change for MCFC with the
same given changes in electricity and natural gas prices.
Best-case scenario for MCFC resulted in savings of up to $296,000 with 54% operation
reducing payback years from 20 to 10. Baseload operation yield $206,000 in annual
savings and peak shaving in $106,500. Payback years for baseload were reduced from
18.7 to 9.7 and for peak shaving from 18.2 to 9.4.
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The worst-case scenario resulted in almost no savings for all three operating modes.
Savings for baseload were reduced to $8,000, for 54% operation to $3,400 and for peak
shaving to $2,200 a year. Payback increased greatly: for baseload from 18.7 to 102, for
54% operation from 20 to 150, and for peak shaving from 18.2 to 110 years. The
MCFC installation would not be feasible if savings were reduced to those in the worst-
case scenario.
All operating modes are equally as sensitive to best and worst case scenario electricity
and natural gas changes. The difference in percent changes among the operating
modes differed by an average of 2 percentage points.
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Figure 9-17 MCFC savings change with change in electricity and natural gas price
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10 International Outlook
Japan and Germany are among the world's largest energy consumers but both have
limited domestic fossil fuel resources. Japan and Germany depend greatly on outside
energy imports to sustain their energy needs. Japan imports 79% and Germany
imports 64% of their primary energy needs. High dependence on outside imports is one
of the driving factors contributing to their high electricity and natural gas prices.
Table 10-1 and Table 10-2 show household electricity and natural gas prices for
Germany, Japan, and the United States from 1999 to 2001. For international countries,
only household and industrial utility prices were available from the Energy Information
Administration (EIA). US household prices closely resembled the utility prices at the
Marriott Hotel. Therefore, household utility prices were used for the case analysis of
Germany and Japan. The price of electricity in Germany is 150% higher than in the US
and the price of natural gas is 120% higher. In Japan, the price of electricity is 260%
higher and that of natural gas is 400% higher than in the US.
Table 10-1 Electricity Prices in $/kWh
1999 2000 2001
Germany 0.152 0.121 0.124
Japan 0.213 0.214 -
United States 0.082 0.082 0.086
Table 10-2 Natural Gas Prices in $/therm
1999 2000 2001
Germany 0.963 0.941 -
Japan 3.015 3.261 2.944
United States 0.648 0.810 0.950
A detailed analysis for PAFC and MCFC in baseload operation with and absorption
chiller was performed for the hotel using Germany and Japan's energy prices. Prices
for 2000 were used, which is the last year for which all prices are available. Daily
99
-. 
w~uw~w1. - - - - -- -- -- - -
savings during each season, annual savings, and payback years for PAFC are shown in
Table 10-3. Results for MCFC are shown in Figure 10-4.
A PAFC in all countries resulted in net annual savings. Germany had the most annual
savings at $434,198, followed by the United States, and then Japan with $168,726.
Payback years for Germany were 5.9 years making PAFC attractive today regardless of
PAFC's high initial capital cost. Japan's high electricity prices make DG technologies a
viable option but savings are overshadowed by their extremely high natural gas prices.
The highest savings were obtained during the winter season, which is when all the
prime mover exhaust can be reused.
Germany and the United States obtained net annual savings with a MCFC while Japan
obtained net losses. MCFC are also a very attractive option for Germany where
payback was only 6.8 years, almost three times less than for the United States. MCFC,
however, are not a feasible option in Japan. Japan's net losses resulted during
fall/spring and winter months were the hotel had to buy natural gas to run the prime
mover in addition to the boilers and non displaceable functions. Given that MCFC give
off less exhaust than PAFC, less heat could be used to displace natural gas used to run
heaters and boilers.
Table 10-3 PAFC savings and payback years
Summer Fall/Spring Winter Savings a Year Payback Years
Germany $926 $1,173 $1,460 $434,198 5.9
Japan -$371 $368 $1,386 $168,726 15.1
United States $321 $502 $888 $208,742 12.2
Table 10-4 MCFC savings and payback years
Summer Fall/Spring Winter Savings a Year Payback Years
Germany $781 $818 $818 $294,825 6.8
Japan $241 -$369 -$369 -$60,634 -
United States $351 $226 $301 $107,116 18.7
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PAFC and MCFC are feasible for Germany even with the high initial capital cost of the
prime mover. PAFC are feasible in Japan but with high payback time. If Japan were to
operate their prime mover during the fall/spring and winter months only, savings would
increase to $213,988 a year and payback decrease to 12 years. Another option
available to decrease the high cost of natural gas would be to use recycled gas such as
digester or landfill gas.
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11 Conclusions and Recommendations
Overall, baseload operation resulted in the best savings among all prime movers and
PAFC were the best prime mover for this operation mode. Likewise, peak shaving
resulted in the fastest payback time mostly attributed to its low initial capital investment.
Microturbines were the best choice for peak shaving. Islanding presented losses for all
prime movers. This operating mode should only be used in cases, such as Alaska,
where grid electricity prices are high and natural gas prices are very low.
Among the prime movers, fuel cells were shown to yield the most savings, particularly
PAFC. Reciprocating engines presented the fastest payback times given their low initial
capital investment. However, reciprocating engines have very high emissions and are
thus not recommended for everyday use. Microturbines presented reasonable savings
and payback time only for peak shaving.
Of the two fuel cell prime movers, PAFC presented the shortest payback time. PAFC in
baseload operation are also less sensitive to changes in electricity and natural gas
prices, making them a less risky investment. Overall PAFC are recommended over
MCFC systems if cogeneration is desired. MCFC were the only prime mover to present
savings without cogeneration.
PAFC and MCFC with and without an absorption chiller are both very attractive
technologies for a DG installation at the hotel if their capital costs are reduced by four
times. The current initial capital investment resulted in payback of over 10 years. The
initial capital investment of fuel cells can and should be reduced, either by government
and/or utility incentives or decreases in costs due to economies of scale.
The best option for the Marriott Hotel is to install PAFC with a total rated output power of
600 kW along with a 144 CTR absorption chiller. This installation would result in annual
savings of $208,742 and payback time of 13 years. To reduce the high initial capital
cost, the hotel should consider the option of third party ownership. With third party
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ownership a company owns, operates, and maintains the DG equipment for the hotel in
exchange for a monthly service fee.
To better assess the benefits of a fuel cell cogeneration plant in the hotel, natural gas
usage should be measured in more detail. This can be achieved by installing a gas
meter at the hotel. New up and coming power technologies not available today should
also be looked at for future use. Xenox from United Technologies, for example, uses
exhaust heat to produce electricity, which could potentially decrease waste heat even
during the summer.
DG technologies, and fuel cells in particular are a great option for commercial buildings.
Historic electric and thermal loads should be analyzed to determine the electric and
thermal needs of the building. To achieve savings, a building's power and thermal plant
should be designed specifically to meet the needs of the building.
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Appendix
Detailed summer calculations were performed when the exhaust heat was used to run
absorption chillers and boilers and when the exhaust was used to run only boilers.
Fall/spring and winter calculations were performed only for the case where the exhaust
heat is used to run the boilers.
Appendix A - Detailed Savings Calculations when Exhaust Heat to Boilers
The first table below shows the different constants and their values. Values for
baseload operation during summer are shown. When mode of operation changed for
each prime mover, the values in the second column were changed accordingly. Table
A-1 shows values for PAFC baseload operation during the summer. Table A-2 shows a
sample excel sheet of calculations.
Table A-1 Specifications for baseload PAFC during the summer
PAFC 200 kW Natural Gas Fuel Usage
Operation: Baseload <600 kW thm/month thm/hr
Elec cost 0.083 $/kWh Total Fuel used 7563 10.17
Ngas cost 0.915 $/thm Non Displaceable 3025.2 4.07
# of units: 3 Displaceable 4537.8 6.10
DG power 600 kW
fuel/unit 19.13 thm/hr
total fuel used 57.38 thm/hr
exhaust/unit 9.00 thm/hr
total exhaust 33.75 thm/hr
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Table A-2 Sample calculations for baseload PAFC with exhaust to boilers
1 949.61 600 349.61 6.10 4.07 85 88
2 914.54 600 314.54 6.10 4.07 82 85
3 901.94 600 301.94 6.10 4.07 81 84
4 897.84 600 297.84 6.10 4.07 81 84
5 907.20 600 307.20 6.10 4.07 82 85
6 984.82 600 384.82 6.10 4.07 88 91
7 1,157.62 600 557.62 6.10 4.07 103 105
8 1,245.10 600 645.10 6.10 4.07 110 113
9 1,264.46 600 664.46 6.10 4.07 111 114
10 1,262.38 600 662.38 6.10 4.07 111 114
11 1,289.80 600 689.80 6.10 4.07 113 116
12 1,303.99 600 703.99 6.10 4.07 115 118
13 1,324.58 600 724.58 6.10 4.07 116 119
14 1,280.66 600 680.66 6.10 4.07 113 116
15 1,283.40 600 683.40 6.10 4.07 113 116
16 1,224.79 600 624.79 6.10 4.07 108 111
17 1,254.82 600 654.82 6.10 4.07 111 113
18 1,251.65 600 651.65 6.10 4.07 110 113
19 1,225.15 600 625.15 6.10 4.07 108 111
20 1,192.54 600 592.54 6.10 4.07 105 108
21 1,191.02 600 591.02 6.10 4.07 105 108
22 1,164.53 600 564.53 6.10 4.07 103 106
23 1,116.72 600 516.72 6.10 4.07 99 102
24 1,019.38 600 419.38 6.10 4.07 91 94
TOTAL[$] 2446 2515
DAY [$] 69
MONTH [$] 2142
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Appendix B - Detailed Savings Calculations when Exhaust Heat to Chiller
The case where exhaust heat is used to run an absorption chiller is very similar to the
one above. In this case, however, electricity displaced by the use of an absorption
chiller further reduces the amount of electricity purchased. Table A-3 shows the
specifications for PAFC baseload operation during the summer with an absorption
chiller. Table A-4 shows calculations for a PAFC in baseload operation with and
absorption chiller during a typical summer day.
Table A-3 Specifications for baseload PAFC during the summer with chiller
PAFC
Operation:
Elec cost
Ngas cost
# of units:
DG power
fuel/unit
total fuel used
exhaust/unit
total exhaust
max chil size
Exhaust to
Chiller
ele displaced
by chiller
200
Baseload
0.083
0.915
3
600
19.13
57.38
9
27
144
kW
<600 kW
$/kWh
$/thm
kW
thm/hr
thm/hr
thm/hr
thm/hr
REF TONS
23 thm/hr
126.60 kW
CHILLER
Elec effic
Abs effic
Natural Gas
Total Fuel
used
Non
Displaceable
Displaceable
4
0.75
Fuel Usage
thm/month
7563
3025.2
4537.8
thm/hr
10.17
4.07
6.10
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baseload PAFC with exhaust to chiller
1 949.61 600 349.61 223.00 4.95 18.51 52.50 3.72 1.05 76 88
2 914.54 600 314.54 187.94 4.95 15.60 52.50 3.72 1.05 73 85
3 901.94 600 301.94 175.34 4.95 14.55 52.50 3.72 1.05 72 84
4 897.84 600 297.84 171.24 4.95 14.21 52.50 3.72 1.05 71 84
5 907.20 600 307.20 180.60 4.95 14.99 52.50 3.72 1.05 72 85
6 984.82 600 384.82 258.21 4.95 21.43 52.50 3.72 1.05 79 91
7 1,157.62 600 557.62 431.01 4.95 35.77 52.50 3.72 1.05 93 105
8 1,245.10 600 645.10 518.49 4.95 43.03 52.50 3.72 1.05 100 113
9 1,264.46 600 664.46 537.86 4.95 44.64 52.50 3.72 1.05 102 114
10 1,262.38 600 662.38 535.77 4.95 44.47 52.50 3.72 1.05 102 114
11 1,289.80 600 689.80 563.19 4.95 46.74 52.50 3.72 1.05 104 116
12 1,303.99 600 703.99 577.39 4.95 47.92 52.50 3.72 1.05 105 118
13 1,324.58 600 724.58 597.98 4.95 49.63 52.50 3.72 1.05 107 119
14 1,280.66 600 680.66 554.06 4.95 45.99 52.50 3.72 1.05 103 116
15 1,283.40 600 683.40 556.80 4.95 46.21 52.50 3.72 1.05 103 116
16 1,224.79 600 624.79 498.19 4.95 41.35 52.50 3.72 1.05 99 111
17 1,254.82 600 654.82 528.21 4.95 43.84 52.50 3.72 1.05 101 113
18 1,251.65 600 651.65 525.04 4.95 43.58 52.50 3.72 1.05 101 113
19 1,225.15 600 625.15 498.55 4.95 41.38 52.50 3.72 1.05 99 111
20 1,192.54 600 592.54 465.93 4.95 38.67 52.50 3.72 1.05 96 108
21 1,191.02 600 591.02 464.42 4.95 38.55 52.50 3.72 1.05 96 108
22 1,164.53 600 564.53 437.92 4.95 36.35 52.50 3.72 1.05 94 106
23 1,116.72 600 516.72 390.12 4.95 32.38 52.50 3.72 1.05 90 102
24 1,019.38 600 419.38 292.77 4.95 24.30 52.50 3.72 1.05 82 94
TOTAL 2218.68 2514.74
DAILY SAVINGS $296
MONTHLY SAVINGS $9,178
00
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